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Abstract

In most organizations, the number of files increases at a rate similar to the growth of

data. As one of the big data challenges, many enterprises encounter a common difficulty

in a routine operation, that is, finding files in a large-scale file system typically distributed

across several physical sites and accessed by thousands of users. This thesis addresses a

central question: whether or not visualization techniques can be used to improve the effec-

tiveness and efficiency in performing numerous file searching operations at an industrial

scale. All work conducted in this research was done in partnership with Laing O’Rourke

as an industrial collaborator.

The main technical approaches to support file searching operations include (a) the use

of a database to manage searchable records of files and (b) the use of a search engine to

add the exploration of a less-structured file repository. With the rapid increase of files, the

former approach incurs a huge cost on entering records of files into the database, while

the latter suffers from unreliable search results (false positives and false negatives) and

difficulties in collaborative search. This thesis focuses on the second approach, that is, to

develop a visualization-assisted enterprise search engine.

In this thesis, we propose two novel visualization techniques in conjunction with

an experimental enterprise search engine. The first technique provides users with fo-

cus+context visualization of search results (focus) in relation to the search space (context).

This assists users in identifying false positives rapidly, and helps users hypothesize po-

tential false negatives and investigate them through the refinement of search criteria. A

number of methods for depicting the multivariate information associated to search results



were designed, implemented and compared. Empirical studies were conducted to dis-

cover the visual attributes for glyph-based and animation-based methods, and to evaluate

different visual designs.

The second technique provides users with support for search activities over a period

of time and in collaboration. We developed the novel concept of Search Provenance Graph

(SPG), and a method for connecting semantically similar queries in SPGs. Methods and

software for visualizing SPGs were designed and implemented, enabling users in collab-

oration to acquire provenance information efficiently and formulate/reformulate queries

effectively.

In conjunction with the research on visualization techniques, we developed an ex-

perimental enterprise search engine, which allows visualization components to be inte-

grated. The search engine is knowledge-based, and is supported by multiple ontologies

and crawler agents for exploring the search space. We used query-expansion and results

ranking to reduce false positives and negatives, active-learning to enable dynamic learn-

ing during search operations, and history-based indexing to facilitate real-time return of

search results.

This research is the first step towards the development of visualization-assisted enter-

prise search engines as a new technology that can address a major big data challenge in

industry, and can bring a significant amount of cost-effectiveness to everyday operations.
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Introduction

Contents
1.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.2 Aims and Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.3 Thesis Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

With a growing amount of data in enterprises, managing and searching for
information is becoming a challenge. In Information Retrieval (IR), the concept
of Enterprise Search Engine was introduced to encourage real-world application of
IR, where an enterprise develops an integrated data infrastructure and enables its
stakeholders to have an effective search interface for information retrieval.

Grefenstette [93] estimated that the enterprise search industry is growing at
20% per year. A tutorial in ACM SIGIR, 2010 [63] highlighted some of the key
challenges in the area of enterprise search. Although these challenges are similar
to Web search, many cannot be addressed by existing Web search solutions [63].
For example, the structure of enterprise or desktop data is different from that of
Web data. The popular ranking technique (e.g., PageRank [157]) is not effective in
enterprise search [100]. Relevance feedback information can be used to learn and
improve the rank of search results in the enterprise search [54]. However, such
techniques often lead to an extensive amount of search results but do not guar-
antee adequate recall and precision. In enterprise search, discovering information
that are searched and found by experts and colleagues is often part of a search
strategy [14, 63]. Systematic support for such collaborative search effort is thus
highly desirable.

File search is an elementary task in Enterprise Search. In a construction com-
pany, for example, a large number of files are captured and stored in each project.

1



1. INTRODUCTION

These files may be different types of reports, CAD files, presentations, scanned
copies, spreadsheets, art works, images, audios, videos and so on. It has been re-
ported that stakeholders (e.g., engineers, managers, administrators) spend around
30% of time in file search [5, 96, 97]. However, searching through a large data in-
frastructure is a time consuming operation, as (i) search queries often return a long
list of files, (ii) the list usually includes irrelevant files (false positives), and (iii) the
queries often miss some target files (false negatives).

1.1 Motivation

This research was motivated by a significant industrial challenge in the construc-
tion industry. As part of Building Information Modeling (BIM) [206, 217], the in-
dustry is expected to meet a set of new requirements- (a) for providing clients with
the relevant data about a building and the building process at the end of each
building project and (b) for monetizing the external value of the digital assets by
being able to search and reuse them. While the industry is formulating a detailed
specification about what documents to store and in what formats, it has been de-
veloping strategies for meeting the requirements in a cost-effective manner.

The collaborative work with a large construction enterprise, Laing O’Rourke,
started in January 2012. We have studied the documents about their requirements,
and watched videos featuring discussions about these requirements among senior
figures in the industry.

To help us appreciate the scale of file search activities, our industrial partner
provided us with statistics about several example projects.

• Education Building Project — In this £54-million project, a total of 100,047 files
were collected on the server. 8,677 files (8.7%) were recorded in a database,
e.g, Asite1, Microsoft Sharepoint2. 4 files were issued to the client based on
database search.

• Large Infrastructure Project — In this £200-million project, a total of 461,711
files were collected on the server. 15,538 files (3.4%) were recorded in a
database. 2,626 files were issued to the client based on database search.

1www.asite.com
2products.office.com/en-GB/sharepoint

2
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1.1. MOTIVATION

• Office Building Project — In this £250-million project, a total of 591,906 files
were collected on the server. Out of them only 45,000 files (7.6%) were recorded
in a database. 6,566 files were issued to the client based on database search.

The above real-world scenarios highlighted several challenging requirements.
Firstly, although the database has likely captured most important files, more than
90% files are not searchable through the database. The poor coverage by the database
was largely due to the effort required to enter a file record for each file into the
database.

We considered three main strategies for addressing these requirements, namely-

(1) A Database requiring each building project to maintain a high quality database
of all documents, from which a collection of the desired files can easily be
found at the end of the project.

(2) An Enterprise Search Engine requiring all files to be accessible by a search en-
gine, which will be used by a team of administrators to compile a collection
of the desired files when they are needed.

(3) A Visualization-assisted Enterprise Search Engine supporting (2) with advanced
visualization capabilities.

As part of the overall evaluation of these three strategies, the D.Phil. research
project presented in this thesis was formulated to study the feasibility of strategies
(2) and (3). In particular, the foci have been placed on two research questions: what
technical features of search engine are required, and how visualization can be used
to support file search?

It is not difficult to recognize that the construction industry has a large num-
ber of stakeholders (e.g., clients, architects, suppliers, local governments, transport
authorities) and many teams within each construction enterprise. Many build-
ing projects last for years. The files accumulated during each project may be dis-
tributed in different parts of a large file system. Each file may have different ver-
sions. Each team or stakeholder may have different naming conventions. Some
projects may share a certain number of files. Errors in file naming and placement
are also expected.

Strategy (1) has shortcomings, to mention a few: (i) the commitments of data
archivists for each project and the risk of a single-point of failure within each
project and (ii) the cost involved in entering the large volume of files to the database.

3



1. INTRODUCTION

All of the above suggested that the Database strategy might not be a winning
strategy either, though strategy Enterprise Search Engine also has shortcomings to
name a few:

(a) Multivariate Information The first challenge of strategy (2) is to deal with search
results, typically presented in a list or tabular view. Therefore, searching for
the relevant files (e.g., based on certain attributes) among a long list of search
results, where often most of them are false positives, is a time consuming
activity.

(b) False Positives and Negatives in Search The second major challenge of strat-
egy (2) is to deal with false positives and false negatives in a search process.
Given a set of search criteria, a search engine executes a query, returning
back a set of results. Among these results, there are true positives and false
positives. Meanwhile, among the vast number of files not returned by the
search engine there are true negatives and false negatives.

(c) Search Collaboration The third challenge of strategy (2) is that it does not sup-
port search collaboration. In an industrial-scale search scenario supporting
an effective collaboration among administrators is essential.

The real-world scenarios highlighted several challenging requirements. Firstly,
although the database has likely captured most important files, more than 90%
of the files are not searchable through the database. The poor coverage by the
database was largely due to the effort required to enter a file record for each file into
the database. Using the Office Building Project as an example, if entering a file record
into a database takes 40 minutes on average (including some reading, figuring out
metadata, and record maintenance), entering 45,000 files would have taken 30,000
person-hours or 3,750 person-days. If all 591,906 files had to be recorded in the
database, it would take nearly 49,325 person-days. Secondly, as part of the new
BIM regulation [206], the files to be issued to a client will likely be in thousands if
not more. Again, we use the Office Building Project as an example. With a database,
if one takes 2 minutes on average to find a file in the database to be issued to
a client, 6,566 files would take about 219 person-hours or about 27 person-days.
Finally, when a search engine was used instead of a database, we do not require
any database effort, but the search would take longer time. If one takes 15 minutes
on average to find a file using a search engine, 6,566 files would take about 1,642
person-hours or about 205 person-days.
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In the context of the enterprise search engine and its application, it is important
for the users to be able to identify and pick out true positives quickly among false
positives. It is equally, if not more important, for users to recognize the existence of
false negatives, and be able to hypothesize where these may be located in the file
system and what search criteria may reveal them. It is also important for the users
users to explore search criteria (i.e., their hypotheses), and to reformulate search
criteria progressively.

It is necessary to note that the goal of a user’s task is not to formulate the best
set of search criteria, but to work efficiently in collaboration to find all required
files. Once all the required files have been found, the user will likely stop the
process even the best set of search criteria has not been found. In many cases,
the best strategy may be to find a complete collection of the required files using a
small number of queries even though the search criteria for each query may not be
optimal. Meanwhile users’ experience of previous projects will play a significant
role in formulating search criteria and an effective search strategy. When a search
process takes a few days and/or involves more than one administrator, effective
visualization and interaction support for search and provenance is essential.

1.2 Aims and Objectives

The overall aim of this research is to provide industry a visualization assisted en-
terprise search technology that can address the problems emerging from handling
large number of files in a cost effective way.

We focus on several major objectives to achieve it:

1. To investigate how to overlay search results on top of a search space in the
context of large-scale distributed file systems to facilitate focus+context visu-
alization.

2. To develop a search provenance management technique and to introduce
provenance data visualization techniques.

3. To develop a special purpose enterprise search engine for enabling the inte-
gration of visualization facilities which cannot be done by a general purpose
or open source enterprise search engine.

4. To investigate how machine learning techniques can be deployed in an en-
terprise search engine to improve the precision and recall of search results.

5
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5. To evaluate all the techniques developed in this project in conjunction with
the industrial partner.

1.3 Thesis Outline

Now that the main challenges and the potential solutions for industrial scale file
management and search problem have been explained more detailed content of
this thesis can be given. The thesis is organized into five chapters. Chapter 2 will
present the review into the current state-of-the-art of file search, ontology-assisted
search, and visualization techniques to support the search result and search prove-
nance. Chapter 3 will present an overview of the system and the business cost
advantage of visualization-assisted search. Chapter 4 will give the details of the
prototype enterprise search engine, enabling the experimentation with visualiza-
tion facilities in later chapters. Chapter 5 and 6 will aim to answer how visualiza-
tion can assist in enterprise search before conclusions are presented in Chapter 7.

Chapter 2: The Background of this work mainly builds on two areas (a) enterprise
search engine, and (b) visualization related to search and search history or prove-
nance. Firstly, we will present the current literature on enterprise and desktop
search, knowledge-based or ontology-based retrieval, and ontology learning. Sec-
ondly, we will present the surveys in the areas of visualization related to search,
file system visualization, and provenance visualization. Finally, a survey on the
off-the-shelf BIM software used in construction industries will be presented in this
chapter.

Chapter 3: System Overview will present an overview of the system, e.g., search
query and result processing, visualization of search results and search provenance,
active learning using user feedback information, distributed system crawling and
index management process using a flowchart. This chapter will also discuss a busi-
ness cost estimation to analyse the cost benefit of visualization-assisted enterprise
search over other alternatives solutions, as stated in Objective 5.

Chapter 4: Ontology-assisted Enterprise Search Engine will present a number of
technical challenges associated with the development of a scalable search engine
for an enterprise. An architecture of a special purpose enterprise search engine
and its functional modules to facilitate the development and experimentation of

6
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the visualization facilities (in the following chapters) will be discussed first. There-
after, we will discuss multiple ontologies to provide a knowledge-based support
for query enrichment and ranking, followed by relevance feedback, processing
and active learning of the ontologies. Finally, the combination of software pro-
totyping and scalability testing will be presented to investigate the feasibility of
using ontology-based ranking and active learning of ontologies for large-scale file
operations in a real-world application. This chapter will address Objectives 3 and
4.

Chapter 5: Search Result Visualization will focus on the visualization of the
search results and their distribution in the search space to help administrators per-
form a quick visual search of the search results and for identifying the false nega-
tives and false positives in a search. Thereafter, this chapter will present empirical
studies to be conducted to improve a glyph representation on top of a treemap.
This chapter will address Objective 1.

Chapter 6: Search Provenance Graph and its Visualization will focus on the vi-
sualization of the search provenance information. The provenance information
can assist the administrator to learn from their historical queries and to formu-
late/reformulate search queries efficiently, perform a search task collaboratively,
and to identifying false positives in a search. This chapter will introduce a graph
structure called Search Provenance Graph (SPG) for recording the search prove-
nance in individual projects. The SPG will be visualized with a combined glyph-
graph visual representation as well as a graph view and a collaboration summary
view. This chapter will address Objective 2.

Chapter 7: Conclusion will summarize the thesis with a discussion on its contri-
butions and future research directions.

Appendix A: Search Index Management will present the data structure used by
the enterprise search engine for index management. The main operations and al-
gorithms used for index management will be described in this Appendix.

Appendix B: Stimuli for Empirical Study will illustrate the stimuli used in em-
pirical studies to be conducted in Chapter 5. The questionnaires and the results of
the focus group discussion around four different glyph design options will also be
presented in this Appendix.
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2.1 Overview

This chapter introduces the work related to this thesis: enterprise data manage-
ment and search, visualization related to search, and off-the-shelf BIM software
and tools. The first section provides a background of the industrial scale file man-
agement and search challenges and efforts made to address them. In particular
we survey how ontologies have been widely used as a knowledge base to support
domain-specific information retrieval. The second section introduces the visual-
ization techniques related to search: display of search attributes. In this section,
we also discuss provenance information visualization techniques. Finally, it is also
essential to review and consider the existing solutions designed for file manage-
ment and search used by construction companies.
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2. BACKGROUND

2.2 Enterprise Search

File or document search is an elementary task of enterprise search. There are nu-
merous solutions that have been developed to store a large quantity of data gen-
erated in a big company and to make them efficiently searchable. This area can be
classified and broken down into four main categories: (a) Databases, (b) Desktop
Search, (c) Personal Information Management, and (d) Enterprise Search Engine.

Databases are widely used as a data management and search system tool used
to systematically store and access documents using various data models. Desktop
search mainly focuses on searching for files stored on the hard drive of a computer.
Personal Information Management extends the desktop search work by proving a
data model to store and access documents. enterprise search engine deals with
searching for files as well as searching for other relevant information in an in-
tegrated data infrastructure. It enables access to all the information stored in a
company, e.g., desktops, file systems, servers, databases, email servers, and so on.

2.2.1 Databases

Relational databases are the most popular data management system used to store
structured data in a relational data model. However, at present in addition to
structured data a semi-structured and unstructured data are being generated with
greater velocity. As a result, there have been numerous attempts to create different
data models, such as the document-oriented data model, graph data model, key-
value store which are among the most popular.

2.2.1.1 Relational Data Model

The relational data model uses a predefined blueprint for the tables or schema
defining the relationships between tables of data, as shown in Figure 2.1. Within a
table, named columns, as well as the type of data that can be stored in each column,
are defined. The central concept in the relational data model is that similar kinds of
data is stored in the rows of the same table with a unique primary key. In instances
where two tables are related to each other, a field is selected to group them together,
a foreign key.

A Data Definition Language (DDL) is used to define the different structures in
a database, and the common DDL statements are “create”, “alter” and “drop”. The
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DataModels-RDBMS

Person

PId Name Age

1 Andy 35

2 Julie 29

3 Jane 42

4 Simon 32

… … ..

n … …

WorksIn

PId CId Since

1 1 2001

2 3 2012

3 1 2009

4 2 2003

… … …

n … …

Company

CId Name

1 ABB

2 Oracle

3 Oxford

…. ...

m Google

Primary Keys

Primary Keys

Foreign Keys

Figure 2.1: An example relational data model. Person and companies details are
stored in a Person and a Company table. A WorksIn table contains the relation-
ships between person data and company data.

data attributes are added, updated, and selected in tables by the administrators us-
ing a Data Modification Language (DML), e.g., Structured Query Language (SQL).
The relational model is simple and highly scalable. There are several commercial
relational databases: MySQL1, Oracle2, and PostgreSQL3 to name a few. Com-
mercial relational database-based tools for document management, e.g., Microsoft
Sharepoint4 are commonly used in various enterprises, and the Asite5 system was
designed specifically for construction document management and search.

Figure 2.1 demonstrates a naive example where records of people, companies
they work for, and for how long they have been working there are stored in three
different tables.

In a relational model, as the records are stored in a predefined schema or for-
mat, changing that schema is very expensive. For example, if in the future we
require additional data attributes to be stored e.g., people’s socials security num-
ber and/or company address then we need to create a new schema. Moreover,
when new and complex forms of relations start to emerge (for example, previous
employment history details/or dates in relation to) it would be difficult to model
and migrate the old data to a new schema relational model.

At present, in addition to structured data, semi-structured and unstructured

1www.mysql.com
2www.oracle.com/database/index.html
3www.postgresql.org
4https://products.office.com/en-us/sharepoint/collaboration
5www.asite.com
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DataModels-Document

Pid : 1
Name: Andy
Age: 35
Company: 1
Since: 2001 

Pid : 2
Name: Julie
Age: 29
Company: 3 
Since: 2012

Pid : 3
Name: Jane
Age: 41
Company: 1 
Since: 2009

Pid : 4
Name: Simon
Age: 32
Company: 2
Since: 2003

Cid : 1
Name: ABB

Cid : 2
Name: Oracle

Cid : 3
Name: Oxford

. . .

. . .

Figure 2.2: An example document data model. Instead of splitting objects into
tables and rows, they are represented in two different document structures one for
persons and one for a company. By providing a reference in the person document
to a company document, we have created a relationship between the two entities.

data are being generated with greater velocity. As a result, there have been nu-
merous attempts and efforts to create different data models that can eliminate the
need for a predefined blueprint or schema. Among them document-oriented data
model, graph data model, and key-value store are the most popular.

2.2.1.2 Document-oriented Data Model

Due to the limitation of the need for a predefined blueprint or schema to store data
in a relational data model, document-orientated databases were developed. Such
databases use a document-orientated data model that follows no internal structure,
i.e., the fields and relations do not exist as predefined concepts. It acquires the type
information from the data itself. Instead, all of the data attributes for an object
are placed in a single document, and are stored as a single entry. A relationship
between the two entities is created using references.

Normally all related information is stored together and it allows every instance
of data to be different from any other. Thereby, creating a data model that is flexible
to future changes. For example, if in the future we require the storing of additional
data attributes, types, and relationships these can be easily mapped into program
objects. CouchDB6 and MongoDB7 are the two most popular document-oriented

6couchdb.apache.org
7www.mongodb.org
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1

4

2

1

3

3

2

Name: Andy
Age: 35

Name: Jane
Age: 41

Name: Julie
Age: 29

Name: Simon
Age: 32

Name: ABB

Name: Oxford

Name: Oracle

Since: 2001

Since: 2009

Since: 2012

Since: 2003

Person node Works edgeCompany node

DataModels-Graph

1
3 2

Figure 2.3: An example of a graph data model. Here, each instance of people
and company data are represented as nodes, and edges between the nodes repre-
sent the relationships between the nodes. As many attributes as required could be
added to both edges and nodes. A directed edge has an arrow pointing to its head
node while an undirected edge does not have any arrows.

databases. XML databases are a kind of document-oriented databases that are
optimized to extract their metadata from XML documents.

In the people and company example, the document would contain the people’s
name, age, working since, and company name in a single record, see Figure 2.2. In
future, if we want to store additional data attributes, e.g., people’s social security
numbers and/or company addresses then unlike in the relational data model, we
would not need alter the existing data.

2.2.1.3 Graph Data Model

Graph databases have received much attention and interest in recent years for ex-
ploring data that is structured as a graph (or tree), in particular when the relation-
ships between data points are significant. Graph databases implement a graph
data model that are pairwise relations between objects using “vertices” or “nodes”
and “edges” connecting them. All the nodes and edges can have a type (a label) to
classify them. Both nodes and edges can have one or more properties or attributes.
Like the document-oriented data model, the graph data model also gets the type
information from the data itself that allows every instance of data to be different
from any other. The graph data model can represent richer and complex relation-
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ship using edges and properties. Popular graph databases are Sparksee8, Neo4j9,
OrientDB10, InfiniteGraph11, and AllegroGraph12 to name a few.

In the people and company example, the people nodes contain the people’s
name and age, and the company nodes contain the company name. The edges,
“working since”, highlight the relationship between people and company, see Fig-
ure 2.3. Such a data model is flexible to future changes and updates, and can also
represent more complex data and relationships.

Although the documented-oriented and the graph data model eliminate the
need for a future-proof complex schema to store and update data, the resources
needed to enter records into a databases is costly and expensive, particularly when
the scale of the data is large.

2.2.2 Desktop Search

GNU/Linux utilities find and grep are the simplest command line based file search
tools. Given a search term as an input, these tools scan through the location of a
disk drive and return all files matching the term. GNU/Linux utility locate speed
up this process by using a pre-built database, however, like find and grep it cannot
filter results by file attributes.

Recently there have been numerous commercial tools developed for improving
file search on desktops, e.g., Microsoft Windows Desktop Search, Google Desk-
top, Apple MAC OSX Spotlight, and Zeitgeist on Ubuntu GNU/Linux. Keyword-
based search for the discovery of software was proposed in [61, 158, 159].

2.2.3 Personal Information Management

The work on Personal Information Management (PIM) system aims at providing
users with generic and flexible data models to access and store information, this
is beyond what is supported by the traditional file system search tools. The SE-
MEX [35] and Haystack [114] tools implemented an enhanced search capability, al-
lowing users to organize their data semantically by creating associations between
files or data entities and then leveraging these associations during search. The

8www.sparsity-technologies.com
9neo4j.com

10orientdb.com/orientdb
11www.objectivity.com/products/infinitegraph
12franz.com/agraph/allegrograph
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iMeMex Data Model (iDM) [62] was proposed to represent unstructured, semi-
structured as well as structured data within a single model. Xu et al. [226] pro-
posed a generic data model to capture and represent file semantics. They sug-
gested a framework of basic relations and tools for generating and using semantic
metadata.

A small number of research papers have focused on querying metadata fields
such as file size, date, or types as filtering conditions to improve search capabili-
ties. Khoo et al. [120] showed that desktop users tended to prefer location-based
search to keyword-based search. They also reported that users rely on metadata in-
formation such as directories, dates, and names when searching for relevant files.
Teevan et al. [199] investigated the users’ behaviour when searching for e-mails,
files, and the web. They found that even if users knew exactly what they were
looking for, instead of keyword-based search, they often navigated to their target
in small steps using contextual information, e.g., metadata information. The latest
work on PIM [211] implemented a multidimensional search approach that allows
users to perform fuzzy searches for structure and metadata conditions in addition
to keyword conditions.

For semi-structured document retrieval, researchers have adapted traditional
retrieval models to handle documents with multiple fields. Early works treated
each field as a smaller document and combined field-level scores using a linear
combination of probabilistic models [155]. The straightforward combination of
field-level scores have several limitations, this has led to efforts such as BM25F
[174]. Several works focused on improving the quality of document search sys-
tems. “Stuff I’ve Seen” [74] given importance to file date since most users appear
to sort the results by date. This system facilitates information re-use by finding
and re-using previously searched information. The desktop and PIM search pro-
vide limited features to support interactive user interaction. Phlat [55] developed
an intuitive search interface that allows browsing through a variety of associative
and contextual information, and tagging scheme for organizing personal content
across storage systems. Shah et al. [186] improved the quality of search by intro-
ducing the search context [196].

Thomas [201] treated desktop search as meta-search problem for effective re-
trieval of individual collections. An adaptation of score combination and smooth-
ing was suggested by Zhao and Callan [234] for the language modelling approach
to information retrieval. Cohen et al. [54] improved the desktop search results by
learning feature weights with training data.
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Desktop search and PIM tools are mainly designed to search for files or infor-
mation stored in a limited information space and therefore may not scale up well
to a large-scale distributed file system search.

2.2.4 Enterprise Search Engine

The major challenge with Desktop or PIM systems is that they were developed for
file management and search in a desktop scale. Such systems do not scale well to
a large-scale distributed system search.

Numerous open source enterprise search engines (e.g., Lucene13, Solr14, Elastic-
Search15, Xapian16, LucidWorks17, Indri18, Terrier19 and so on) were developed for
text-based document retrieval. They primarily use Lucene index at the backend.
Lucene provides search index (also known as “inverted index”) creation, storage
and management facilities with document ranking algorithms (e.g., Boolean, TF-
IDF, Cosine, Fuzzy and so on). These modern tools also use probabilistic models to
map documents to terms and then rank results. Probabilities are generated using
methods such as TF-IDF and other language models. Although the exact methods
of commercial systems are unpublished, it is likely they use techniques similar to
Lucene and Indri.

Previous research was focused on different mechanisms to improve the search
time by enhancing the retrieval capability of enterprise search engines for engi-
neering documents [96, 97], multi-topic documents [130], patents [142], mecha-
tronic data [76] and so on.

However, recent literature has focused mainly upon improving the retrieval
capability of an enterprise search engine by knowledge-based support with on-
tologies for improved query enrichment and ranking, this is discussed further in
the next subsection.

13lucene.apache.org
14lucene.apache.org/solr
15www.elastic.co
16xapian.org
17lucidworks.com
18www.lemurproject.org/indri
19terrier.org
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2.2.4.1 Ontology-based Retrieval

Ontologies have been widely used in domain-specific information retrieval. The
Beagle++ [52] search engine was developed for Semantic Desktops. It indexes RDF
metadata annotations to represent the meaning of documents together with the
document content. The ranking of documents according to an ontology was re-
ported in [41, 123]. They presented an extension of the vector space model [182]
and together with document content, they index semantic annotations of docu-
ments and use this information for search.

All three promising approaches extend the vector space model using semantic
information, however, none of them is able to apply measures of semantic associa-
tion. They define the annotations for the documents manually. Therefore, Billig et
al. [20] chose to align the representation of the document to the ontology automat-
ically, using simple string matching.

Vallet et al. [207] used ontologies to improve search over large document repos-
itories. This retrieval model is based on an adaptation of the classic vector-space
model, including an annotation weighting algorithm, and a ranking algorithm.
Other work on file systems, e.g., [44, 95] enhanced the quality of file system search
by leveraging the context of the search space. Castell et al. [41] proposed a re-
trieval model based on an adaptation of the classic vector-space model, including
an annotation weighting algorithm, and a ranking algorithm. This model builds
well-defined ontologies by populating knowledge bases and mapping keywords
to concepts. Fernandez et al. [81] proposed an ontology-based information retrieval
model by exploitation of domain knowledge bases to support semantic search ca-
pabilities in large document collection from a Web environment. ReFinder [59] is a
context-based information re-finding system which assists users in re-finding their
previously accessed files and web pages based on contexts such as time and loca-
tion. A knowledge-based framework for integrating ontology-based personalized
retrieval and reminiscence support was proposed in [189].

Leite and Ricarte [129] proposed multiple related ontologies for knowledge rep-
resentation and integrated the system with a fuzzy model. A multi-ontology based
multimedia annotation model was described in [65]. In this work, a domain inde-
pendent multimedia ontology was integrated with domain ontologies to provide
domain-specific views of multimedia content. Vaidurya [144] is a document search
system developed for clinical document search by using a domain specific ontol-
ogy. A semantic ontology-based framework for personal information management
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was proposed in [225]. Moreover, query expansion techniques using ontologies
can be found in [19, 60, 151].

Ontology Learning. Ontology learning techniques have been widely studied. A
comprehensive review and discussion of major issues, challenges, and opportuni-
ties in ontology learning can be found in Zhou’s survey [235]. Ichise et al. [108]
proposed a framework for organizing the ontology mapping problem into a stan-
dard machine learning framework. This framework would use multiple concept-
similarity measures. Maryam et al. [139] described the bottleneck of ontology
learning while dealing with the knowledge acquisition and modelling domain
knowledge. They presented a survey of the different approaches in ontology learn-
ing from semi-structured and unstructured data. Idrissi et al. [77] proposed a solu-
tion to overcome the manual knowledge acquisition bottleneck in ontology learn-
ing. They also presented a practical study of the methods that take data models
as input to the learning process. Zhang et al. [230] proposed a semantic retrieval
model of engineering domain knowledge, e.g., product design and process plan-
ning. They addressed the problems with existing keyword-based and semantic-
enabled methods, and proposed an ontology-based semantic retrieval scheme for
knowledge search and retrieval from domain documents.

The content-based retrieval systems have certain limitations. In an enterprise,
most of the files are non-textual (e.g., CAD, media, archive, images of building de-
signs or construction sites, scanned copies of invoices and receipts, etc.). Therefore,
improved metadata-based retrieval is essential. Similar to Web search, an enter-
prise search engine can use relevance feedback information [63] that can be used
to learn and improve the ranking of the search results in the enterprise search [54].
Most importantly, it would be useful to assist search with effective visualization
and interaction [17].

2.3 Search-related Visualization

Our work builds on research in the areas of search-related visualization mainly
search result visualization and search provenance or history visualization. The
work in the area of search-related visualization mainly focuses on the Web-search
domain. However, there are no serious effort on assisting industrial-scale enter-
prise search with visualization.
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Figure 1. A sample web search using HotMap. Note the search results include the query term fre-
quencies displayed at two levels of detail in the overview map and the detail window.

the users to re-sort the search results based on the properties
they think are important to their information needs.

In the remainder of this section, we describe the two sys-
tems we have developed to support the visual and interactive
exploration of web search results.

3.1 HotMap

HotMap is a meta-search system that retrieves the top
search results returned by the Google API [5] for a given
user query, and presents these results in a compact visual
manner that supports both visual information processing
and user-directed exploration. Our inspiration for this work
is based on a common method for evaluating the relevance
of a document surrogate: identifying which of the query
terms appear in the title and snippet. HotMap represents
the query term frequencies in the form of a colour-code on
a heat scale. Multiple occurrences of a query term result
in a dark red colour; fewer occurrences are represented by
progressively lighter shades of red and orange. As shown in
Figure 1, this colour coding allows the users to see the “hot”
documents easily (and provides the inspiration for naming
our system HotMap).

In HotMap, the search results are presented in a grid-
based layout at two levels of detail: an overview map pro-
vides a compact representation of the top 100 search results,
and a detail window provides a focused view of approxi-
mately 20 documents at a time. The details of these co-
ordinated views of the web search results are provided in
Section 4.

In order to promote the exploration of the search results,

the users can interactively sort and re-sort the search results
based on the query term frequencies. In addition, nested
sorting allows the users to sort based on an ordered selec-
tion of their query terms. These sorting features are easily
activated within the visual interface by clicking on the col-
umn headers; the results of sorting operations are instantly
reflected in both the overview map and the detail window.

The visual representation of the query term frequencies
in the detail window is visually similar to the TileBars work
by Hearst [7]. HotMap, however, extends this tile mosaic
metaphor to represent web search results in near real-time.
It also adds features for viewing the search results at differ-
ent levels of detail, and supports the users as they interac-
tively explore the search results.

According to the action dimension in the multiple view
coordination taxonomy, HotMap uses navigation of the data
in one view to cause an equivalent navigation of the data
in the other view. Along the data dimension, this system
presents data from the same collection in the multiple views.

The specific details of the design and implementation of
the HotMap system, along with user study results, are pro-
vided in [8]. A more complete study measuring the infor-
mation retrieval performance, user performance, and effi-
ciency is currently underway.

3.2 Concept Highlighter

Concept Highlighter is a meta-search system that
presents the search results returned by the Google API [5] in
an interactive fuzzy clustering interface. The system auto-
matically matches the users’ queries to a concept knowledge
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Figure 2. A sample web search using Concept Highlighter. Note the search results include fuzzy
membership scores displayed at two levels of detail in the overview map and the detail window.

base, resulting in a set of potentially relevant concepts. The
concept knowledge base is used to select additional terms
that have been used to describe these concepts. All the
concepts as well as the top 100 document surrogates in the
search results are represented using a vector-space model; a
single-pass fuzzy clustering algorithm assigns fuzzy mem-
bership scores to each concept-document surrogate pair.

The Concept Highlighter interface resembles that of
HotMap, with the addition of a list concepts provided at
the top of the interface (see Figure 2). The detail window
provides a focused view of approximately 25 document sur-
rogates at a time, while the overview map provides a com-
pact and abstract representation of the first 100 document
surrogates returned by the Google API.

As the users select the concepts that are relevant to their
information needs, the search results are automatically re-
sorted based on the fuzzy membership scores. The selec-
tion of multiple concepts results in a merging of the clusters
and the addition of the fuzzy membership scores. As a re-
sult, the document surrogates that are most similar to the
selected concepts are moved to a more prominent location
in the search results.

In addition to the re-sorting of the search results, colour
coding is used to indicate the fuzzy clustering score with
respect to the selected concepts. This allows the users to
interpret the relative similarity of the document surrogates
to the selected concepts.

This system can be classified in two different ways ac-
cording to the multiple view coordination taxonomy. With

respect to the concept selection, selecting items in one view
causes changes to the navigation of the data in the other
view (i.e., the re-sorting of the data in the detail window
and the overview map). These views use data from differ-
ent collections. With respect to the coordination between
the detail window and overview map, the classification is
the same as for HotMap: navigating the data in one view
causes an equivalent navigation of the data in the other view.
Along the data dimension, these views present data from the
same collection.

The specific details of the design and implementation of
Concept Highlighter are provided in our previous work [9].
Studies measuring the information retrieval performance,
user performance, and efficiency are in progress.

4 Coordinated Views of Web Search Results

Both HotMap and Concept Highlighter use a similar
framework for providing multiple views of web search re-
sults. Commonly, there is a design tradeoff between the util-
ity provided by the multiple views and the cognitive over-
head in learning and using the system [3]. In designing
these coordinated views, we have attempted to minimize
this cognitive overhead while providing meaningful infor-
mation for the exploration of the web search results at both
a overview level and a zoomed-in level. The details of these
coordinated views, as well as the methods for maintaining
coordination between the views is provided in the remain-
der of this section.
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(a) (b)

Figure 2.4: (a) HotMap: the term-frequency (tf) of each keyword in the query is
shown using colour coding. (b) Concept Highlighter: Firstly a set of concepts re-
lated to the search query is displayed, and based on the user’s selection the search
results are sorted. The sorting is based on a fuzzy membership score and high-
lighted using colour coding. Adopted from [105].

xFind [7] was developed to explore document search results as a ranked list
as well as a scatter plot. In this tool, documents are displayed in a scatterplot
where the search attributes, e.g., relevance, file size, and date are mapped to x-
axis and y-axis. The attributes can also be mapped to colour and size of the icon.
For example, the y-axis can correspond to the modification date of a document,
and the document relevance can be mapped to icon size and/or icon colour (e.g.,
highly relevant in orange, and less relevant in white). Roberts et al. used glyphs
to visualize web search results [172] where the domains (e.g., .com, .edu, .net, .gov
etc.) were mapped to the shape of a glyph.

In Web search, the search results are listed in 10–15 results per page and most
users typically only scan the first page [194]. Such list-based representations limit
the user to explore most of the search results. Therefore, the HotMap and Concept
Highlighter were proposed by Hoeber and Xue [105] to support visual exploration
of the Web search results, see Figure 2.4. This tool shows search results in two
levels of detail: an overview of the top 100 documents, and a detailed view of 20–
25 documents at a time. This work also discussed how these views support the
visual query of Web search results. Chau [42] proposed a glyph-based on a flower
metaphor to visualize web search results.

Among all of the scholarly work that has been published by the visualization
and IR communities on navigation and exploration of Web information space, the
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2. BACKGROUND

Figure 2.5: Gradual refinement of query parameters in VisGets using the dimen-
sion: (a) spatial– the region close to Caribbean is selected, (b) topical– the larger
tag “politics” is selected, (c) and (d) temporal– first the month February is selected
and then few days around the middle of February are brushed. Adopted from [66].

which triggered an entirely new way of thinking about in-
terfaces, but also introduced challenges of navigating into
blank spaces. We use a dual-layer approach to a zoomable
search environment to alleviate these issues.

4. DESIGNING FLUID VIEWS
To explain our design decisions when creating Fluid Views

as a dual-layer zoomable search environment, we describe
the base layers and the item layer, and our use of clustering
to integrate them into one interface.

4.1 The Base Layers
A base layer provides spatial semantics. It contains a

map that supports continuous uniform scaling, similar to
early zooming interfaces [3, 21] and as modeled by space-
scale diagrams [12]. However, unlike Pad++, our base layer
holds a visual background that covers the entire layer. This
backdrop provides visual landmarks in the zooming environ-
ment, positional semantics for the items, and ambient orien-
tation within the zoom space [17]. The visual background is
kept subliminal: recognizable if needed, without detracting
from the items being displayed. Homogeneous scaling of the
entire base map reveals regions that are appropriate for a
given scale and conceals them as they become too large or
too small to display. We created three example base layers
where search items can be positioned based on similarities
in time, location, and content.

(a)

(b)

(c)

Figure 3: The time scale is changed from (a) two
months, to (b) two weeks, and (c) seven days.

The time map has a single linear but zoomable dimen-
sion of time. It displays visual areas for common temporal
units such as years, months, days, or hours progressing left-
to-right horizontally. Colours chosen to delineate the time
regions are light grey, dark enough to be clearly readable,
and light enough to avoid interfering with the actual infor-
mation items. To keep the time map clearly readable, it only
shows two temporal levels at a time. These two levels are

arranged to indicate nesting of the smaller unit within the
larger one. As shown in Figure 3, areas representing months
contain those representing days, which in turn contain hours
when zoomed in further. Labels on the upper edge name the
periods currently being shown and adjust depending on the
width of the respective temporal area. Every zooming and
panning operation gradually extends, contracts, or shifts the
time window, and transitions the visual units into place.

(a)

(b)

(c)

Figure 4: Zooming from a continental view (a) to the
Mediterranean (b), and finally a regional close-up
(c). With increasing geographical detail in the map,
the displayed blog articles are continuously refined.

The location map provides a two-dimensional interactive
geographic map. For simplicity, the map primarily indicates
the natural formations and boundaries, such as the contours
of continents, rivers, and oceans (see Figure 4). White areas
represent land, while light grey is used to indicate water bod-
ies such as rivers, lakes and oceans. With this design choice,
land-based items are more likely to appear on a bright back-
ground, since the location map uses geospatial coordinates
for item positioning. A spatial filter determines the items
displayed in the view based on the map.

The content map is a general N -dimensional base layer.
It uses multi-dimensional scaling as a spatialization tech-
nique to represent similarities within an information collec-
tion. Locations with a high concentration of items appear
as bright amorphous shapes, while darker shades of grey are
used for regions with no resources. This approach parallels
the sparsity of resources on water bodies in the location map.
The content map serves as a generic map that can make
use of any content-defined dimensions, such as words from
textual resources or colours from images, as the basis for
similarity determination. In Figure 5, digital photographs
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(a)

(b)

(c)

Figure 5: When zooming into the content map from
(a) to (c), the base layer gets gradually magnified
and the items, here photographs, are appropriately
filtered and displayed with more detail.

are positioned based on the similarity of dominant colours.
The spatialization method generates output values ranging
between -1 and 1 in each of the X and Y dimensions, which
are then used to determine the positions of items.

4.2 The Item Layer
While the base maps are designed to provide context, the

item layer is designed to offer the information items for the
viewer’s attention. First, each item is positioned according
to its metadata and the semantics of the current base map.
Next, the items are sized according to their relevance. This
is calculated either according to the item’s general popular-
ity or according to its relevance to the current search query.
An item’s relevance is encoded by its screen real estate (i.e.,
pixel area), and thus how much detail it can reveal. In our
current design, we support two types of resources as items:
visual and textual. The visual resource type is primarily de-
signed for images, such as photographs or paintings, while
textual resources are more suitable for articles and books.
Hybrid media are also possible: an image may have a title or
description, and a text may have an accompanying image.

The item layer has two main interaction methods: search
queries and direct manipulation. As a textual search is en-
tered, the interface dynamically ranks resources according
to relevance, which can result in varying scale changes for
the displayed items. In the absence of any search terms,
items are sized according to their popularity, as indicated
by number of comments, views, or editions. Clicking on an
item immediately reveals its contents in full detail, using

Figure 6: Items scale from small dots to large pre-
views. While discrete steps exist for showing certain
aspects of an item, size and detail changes to image
(top) or text (bottom) displays are continuous.

a suitably large portion of the screen. Furthermore, items
respond to the interactions of the base map, namely pan-
ning and zooming. These interaction techniques provide
additional ways to adjust the level of detail in the visual
representations. In general, panning and zooming produce
uniform display changes, while search and detail operations
trigger more varied but highly selective changes.

Regardless of the interaction methods used, all display
changes are carried out as animated transitions to aid com-
prehension. For this, the challenge is to provide semantic
zooming functionality as a family of multi-level representa-
tions that gradually shift from small to large with sensible
increases of detail. The representations of visual and tex-
tual resources are handled differently at intermediate scales
to exploit the corresponding modality.

The smallest representation of a visual resource uses the
dominant colour extracted from the image data. While the
use of colour can be regarded as an abstract representation,
it is based on the visual content of the resource. When an
item’s size exceeds a certain threshold, an actual thumbnail
replaces the square. With continuous scale changes, the im-
age data is dynamically replaced with images of appropriate
display resolution (see Figure 6, top row). Labels of visual
resources include a title with gradually-increasing font-size
and, beyond certain size intervals, additional metadata.

The colour used for a textual resource is based on themes
extracted from the overall collection of items. The colour is
used for the smallest dot, as well as the border and back-
ground in intermediate representations. As the size of the
item gradually increases, the title is augmented with the
author’s name, the date of publication, and eventually the
actual text (see Figure 6, bottom row). Once a textual re-
source reaches a certain size, one can scroll through the en-
tire document within the interface. While all resources can
be viewed in high detail within the interface, the titles of
resources are also hyperlinks to the respective Web pages.

The search function is associated with the item layer, since
it exclusively changes the scale of information resources. The
search box allows basic Boolean expressions and simple term
searches. By placing ‘+’ and ‘−’ in front of terms, items
that do or do not have a certain term are highlighted. If
no operators are used, the search terms are treated as a
logical disjunction (OR). Item relevance increases with more
matching terms. This results in a more nuanced display
that emphasizes items that satisfy all query terms, but also

(a) (b) (c)

Figure 2.6: Fluid Views: (a) Zooming increases geographical detail in the map,
here, from a continental view to the Mediterranean. (b) The time scale is changed
from months, to weeks, and days. (c) Base layer gets gradually magnified and the
items, filtered and displayed with more detail. Adopted from [67].
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2.3. SEARCH-RELATED VISUALIZATION

Figure 2.7: PivotPaths tool shows variety of relation types across various dimen-
sions. Adopted from [68].

VisGets [66], Fluid Views [67], and PivotPaths [68] are the most significant. Vis-
Gets [66] was developed to visualize different Web search attributes to assist in
formulating search queries and to visualize search results using interactive geo-
graphic maps and tag clouds. Applications of VisGets to a variety of Web data col-
lections were demonstrated in [69]. An empirical study on interactive and visual
exploration of the Web using VisGets was reported in [70], see Figure 2.5. Fluid
Views [67] enables users to view Web search results geographically, temporally,
and content-wise in dual layers: for overview and details, see Figure 2.6. Pivot-
Paths [68] allows users to explore datasets with a variety of relation types across
various dimensions, see Figure 2.7.

Another example of a notable work using Voronoi treemap to organize search
results was proposed in [153], see Figure 2.8. ProjSnippet [91] visualizes web
search results in a global view and provides a clustering technique for identify-
ing similar content, see Figure 2.9. The similarity measurement used in this work
is based on the vector space model. The recent visualization supported tool for
document search, Footprints [109], was developed for analysts searching for doc-
uments, Figure 2.10.

The visualization techniques in the field of search primarily used geographical
maps. In an enterprise, files are scattered across different countries, regions, and
projects. Therefore, it would be desirable to show the hierarchical and distributed
file system, e.g., a tree-based visualization. File search results consist of multiple
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Organizing Search Results with a Reference Map

Arlind Nocaj and Ulrik Brandes

(a) reference map (entire database) (b) query hits by relevance and similarity

Fig. 1. Maintaining the global organization of subsets in hierarchically clustered document collections.

Abstract— We propose a method to highlight query hits in hierarchically clustered collections of interrelated items such as digital
libraries or knowledge bases. The method is based on the idea that organizing search results similarly to their arrangement on a fixed
reference map facilitates orientation and assessment by preserving a user’s mental map. Here, the reference map is built from an
MDS layout of the items in a Voronoi treemap representing their hierarchical clustering, and we use techniques from dynamic graph
layout to align query results with the map. The approach is illustrated on an archive of newspaper articles.

Index Terms—Search results, mental map, voronoi treemaps, dynamic graph layout, multidimensional scaling, edge bundling.

1 INTRODUCTION

We consider the visual representation of search results in hierarchi-
cally structured information spaces containing interrelated units. The
application inspiring this work is an organizational knowledge base
consisting of documents and a similarity relation, but digital libraries,
data warehouses, inventories, intranets, and wikis are but a few exam-
ples of applications posing similar problems.

Search results are predominantly represented as relevance-ordered
lists. While these have proven very efficient for the identification of the
most relevant hits, they do not lend themselves to conveying a sense
of “location” in the information space, or relations among the hits.
These aspects may be important, however, if the primary purpose of
the query is not to find the most relevant items (relative to the query)
but to assess properties of the entire set of search results.

Alternative graphical representations have been proposed that show
hits in their context, the distribution of hits, or relations among hits.
We combine some core elements of such approaches with more elab-
orate layout algorithms and introduce the concept of a reference map
to help users build a mental map of the information space. Concretely,
a reference map is a graphical representation of all elements in the
database respecting their organization. The visualization of a query
result is organized in the same way but adapted to the subset of data
units matching the query. Using techniques from dynamic graph lay-
out, we make sure that the spatial organization of adapted maps resem-
bles that of the reference map without showing irrelevant information.

• Both authors are with the Dept. Computer & Information Science,
University of Konstanz.
e-mail: {arlind.nocaj, ulrik.brandes}@uni-konstanz.de.

Manuscript received 31 March 2012; accepted 1 August 2012; posted online
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e-mail to: tvcg@computer.org.

In the extreme case of a universal query, the result map is supposed
to be identical to the reference map. Fig. 1(a) shows a reference map,
which is computed in advance and considers the similarities of the tex-
tual hierarchy items. After entering a query, irrelevant subhierarchies
are filtered and areas of remaining hierarchy elements are adjusted ac-
cording to relevancy with respect to the query (Fig. 1(b)). Search hits
are represented as nodes with additional links representing an apparent
degree of similarity.

The entire work flow of our approach is summarized in Fig. 6. For
contextualization, however, we first review related work in Section 2
and formalize the setting in Section 3, together with a brief review of
the basic building blocks employed in our approach. The approach
itself is outlined in Section 4 and quantitatively evaluated in Section 5.
We conclude with a brief discussion.

2 RELATED WORK

Two complementary notions of information context support the po-
sitioning of informational units in an information space: hierarchical
organization and horizontal relationships. For hierarchical structure in
particular, a study of educational digital libraries found great potential
for its use also in the organization of search results [13]. We next re-
view previous approaches that make use of at least one of the above
types of information context.

2.1 Placement by similarity
The idea of a global map, in which units are organized by similarity,
is the basis of WebSOM [25], a system for querying document col-
lections. Based on feature vectors describing the documents, a self-
organizing map [27] is used to create the thematic map, consisting of
document locations and automatically extracted labels. The feature
vector of a query document can then be located on the map, and simi-
lar documents are found in its vicinity.

SPIRE [46] is similar to WebSOM: It represents documents as stars
in a galaxy. Peaks in a region describe high concentration of similar
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Figure 2.8: Search results are displayed with Voronoi treemap. Adopted from [153].

of RAM. A k-meansþþ clustering has been applied just

to color the rectangles to visually highlight groups of

similar snippets and provide some visual segregation to

facilitate user inspection. The optimization procedure has

been performed with � ¼ 0:3 (the default value in our

current implementation).
The first example illustrates a visualization displaying

the results of a query on the terms “jaguar features”

submitted to Google’s search engine. The view in Fig. 4a

shows the 10 best ranked snippets shown in the first page.

Fig. 4b displays a ProjSnippet view with the 64 best ranked
snippets. Inspection reveals that the snippets on the left
(cyan, red, blue, yellow) all refer to different models of
Jaguar cars, whereas the green ones on the right refer to a
surprising variety of topics. Those include multiple refer-
ences to the wild animal (three snippets) and also to
supercomputer models named Jaguar (two instances).
There are also unique references to an earlier MacOs
operating system named Jaguar, to a video game, a
swimming pool brand, a hair product brand, an aircraft
model, and a few other varied stuff. Looking at the left
region, one identifies that most snippets in the blue cluster
contain general references to the car brand, whereas the
each of the three other clusters refer mostly to a specific
Jaguar model, namely most yellow snippets refer to the
XK model, cyan snippets refer to XJ, and red to XF models.
There are some noticeable exceptions, for example, a yellow
snippet refers to the XF model and a blue one refers to the
XJ model. Still, overall the final layout depicts a representa-
tive overview of the search hits, as far grouping/separating
similar/dissimilar results is concerned. Notice that it is
pretty difficult to handle such a variety topics and subtopics
in Google’s list-based view, which indeed brings only
results on cars, animals, and the game in the first page.

Fig. 5 shows the result of a search on Amazon’s search
engine, illustrating the potential of ProjSnippet in scenarios
of searching for products at online stores. In these
examples, the fields Title, Author, Brand, Color, Edition,
Feature, Published Language, Manufacturer, Product
Group, Size, Warranty, Year of Publication we used to
generate the vector space model.

In Fig. 5a, we issued a query with terms “scrapbooking
supplies” in the category “Office Products,” from which
50 products were returned and visualized. Overall, the layout
organization reflects a global arrangement of the products by
brand and functionality. Most of the snippets in the top
orange group refer to punch models from the same brand, EK
Success. There are also snippets that refer to an adhesive
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Fig. 3. Reducing white space with a carving mechanism.

Fig. 4. Google view and ProjSnippet view of the results of a query with terms “jaguar features.”Figure 2.9: ProjSnippet tool visualizes the Web search result and clusters them
based on content similarity. Adopted from [91].
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Footprints: A Visual Search Tool that Supports                           
Discovery and Coverage Tracking

Ellen Isaacs, Kelly Domico, Shane Ahern, Eugene Bart, and Mudita Singhal 

Fig 1. User Interface of Footprints, a topics-based document search tool. Footprints supports exploratory search by helping analysts (a) 
discover information that they may not know to look for and (b) keep track of their coverage along several dimensions, so they can avoid 
missing important information and know when to stop searching. 
 

Abstract—Searching a large document collection to learn about a broad subject involves the iterative process of figuring out what 
to ask, filtering the results, identifying useful documents, and deciding when one has covered enough material to stop searching. 
We are calling this activity “discoverage,” discovery of relevant material and tracking coverage of that material. We built a visual 
analytic tool called Footprints that uses multiple coordinated visualizations to help users navigate through the discoverage process. 
To support discovery, Footprints displays topics extracted from documents that provide an overview of the search space and are 
used to construct searches visuospatially. Footprints allows users to triage their search results by assigning a status to each 
document (To Read, Read, Useful), and those status markings are shown on interactive histograms depicting the user’s coverage 
through the documents across dates, sources, and topics. Coverage histograms help users notice biases in their search and fill any 
gaps in their analytic process. To create Footprints, we used a highly iterative, user-centered approach in which we conducted 
many evaluations during both the design and implementation stages and continually modified the design in response to feedback.

Index Terms—discovery search visualization, visual cues, discoverage, coverage tracking, document triage, interactive histograms

1 INTRODUCTION

Current commercial search tools are breathtakingly good at helping 
people locate a specific piece of information, but they are less well 
suited to researching a broad topic where the challenge is in 
figuring out what to search for and knowing when one has found 
enough relevant material. This process of “discovery search” is 
different from conventional search, and neither Web-based search 

engines nor browsers provide good support for such exploration. 
As a result, people improvise, often opening up dozens of browser 
tabs to retain listings of search results and articles of interest. The 
result can be a row of indistinguishable tabs that do little to help 
people keep track of their search process. Further, current search 
interfaces do nothing to help people figure out how extensively 
they have read and whether they are missing anything important. 
In an open-ended discovery search process it is often hard to know 
when one has read enough and can stop searching. 

With little assistance in managing the search process, people 
researching a broad topic are prone to narrowing their search scope 
too quickly in an effort to reduce the overwhelming number of 
search results to a manageable size [17, 18]. In doing so, 
intelligence analysts have been shown to inadvertently exclude key 
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2.3. SEARCH-RELATED VISUALIZATION

(a)

(b) (c)

Figure 2.11: “/opt” directory of an example GNU/Linux system and its contents
are visualized with (a) File System Explorer (b) xdiskusage, and (c) Disk Usage
Analyzer.

attributes, therefore multivariate visualization using glyphs would be useful.

2.3.1 File System Visualization

The file systems visualization problem has been widely studied and considered
by the visualization community. There are numerous file system visualization-
assisted tools and techniques which have been developed for analyzing disk us-
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2. BACKGROUND

age, browsing hierarchy, searching for files and directories, and so on. The file
system is a hierarchical structure, therefore, this essentially falls into the category
of a hierarchy and/or tree visualization problem. A commonly used visualization
technique for hierarchies is a tree or none-link diagram. For example, in all modern
operating systems, the file system Explorer is the primary interface facilitating file
system browsing and other functionalities. The Explorer displays the file system
hierarchy using a tree as well as file/folder list/tabular view, see Figure 2.11 (a).
Such explicit hierarchy visualization techniques do not utilize the space efficiently,
therefore, fail to scale well for large file systems. Implicit hierarchy visualization
techniques were proposed to solve this problem, a comprehensive survey on such
visualization can be found in [185].

The xdiskusage20 tool displays file system hierarchy in a simple manner. It
shows the hierarchy from left to right with a rectangular shape of size representing
its file size. In Figure 2.11 (b), a “/opt” directory of GNU/Linux system is shown
as an example. Here, the left most rectangle represents the “/opt” folder while the
subsequent rectangles to the right represent the folders down the “/opt” directory.
Any folders or rectangle can be zoomed in/out by double-clicking on it.

Baobab21, Filelight22, and Philesight23 create an interactive map of concentric,
segmented rings that help visualize disk usage on a desktop computer Baobab is
also known as Disk Usage Analyzer and at present is shipped with most GNU/Linux
distributions as a default disk usage viewer application. This tool recursively scans
the folder defined by a user and visualizes the space taken up by each file and
folder under it using a circular rings chart representation. In Figure 2.11 (c), the
“/opt” folder was visualized as an example.

2.3.1.1 Treemap-based Visualization

Treemaps were proposed by Johnson and Shneiderman in 1991 in their seminal
paper [111, 190]. Their objective behind this work was to find out how and where
the space of a hard drive is used by multiple users and to find large files that
could potentially be deleted. Treemap design was initially improved by Turo et
al. [204] to display 5000 files. A user study found that novices could see around
20-50 nodes at 1-3 levels, and that zooming through multiple level caused a loss

20xdiskusage.sourceforge.net
21www.marzocca.net/linux/baobab/index.html
22methylblue.com/filelight
23zevv.nl/play/code/philesight
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Figure 2.12: Screenshot of k4dirstat tool visualizing the “opt” directory (was also
visualized in Figure 2.11) of a GNU/Linux file system using a treemap.

of context. Over the years treemaps have proved to be the most cost-effective
and space-efficient graphical technique for visualising hierarchical relationship in
datasets [185]. Without going into too much detail regarding different applications
of treemaps, in this section we mainly describe different treemap-based tools and
techniques proposed for file system visualization. An up-to-date information on
various treemaps and their applications can be found in Ben Shneiderman’s Web
page [192].

Cushion treemaps by Van Wijk and Van de Wetering [208] apply a texture to the
treemap rectangles to make them appear like shiny cushions. This has improved
the perception between nodes and eliminated the need for lines to separate the
nodes, thereby saving space. Windirstat24 and K4dirstat25 are the most widely
used treemap applications developed for file system, see Figure 2.12. One interest-
ing feature of these tools are that they use Cushion treemaps

Lu and Fogarty [131] introduced Cascaded treemaps to improve visibility of
nodes. In Cascaded treemaps, a mild 3-D effect is applied to the nodes to im-
prove the visual search in time-critical situations, e.g., real-time stock performance
analysis. Zoomable treemaps improved the interaction and navigation capabil-
ity of treemaps and were found to be effective in exploring large datasets [24].
Zoomable user interfaces facilitates the navigation in large hierarchical datasets,
although zooming through multiple levels causes loss of context.

24windirstat.info
25apps.ubuntu.com/cat/applications/k4dirstat/
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User evaluation of treemaps has suggested that novices were often struggling
to understand the layout that might show 5000 or more files at 7 or more lev-
els [192]. Therefore, to improve the performance of treemaps in terms of order,
aspect ratios, and stability, different layout algorithms (e.g., BinaryTree, Ordered,
SliceAndDice, Squarified, and Strip) were proposed [192]. Other variations of
treemaps using non-rectangular layouts have also been proposed to improve the
space utilization.

Different treemaps with non-rectangular layouts are Jigsaw Treemaps [218] (Fig-
ure 2.13 (a)), Convex treemaps [156] (Figure 2.13 (b)), Voronoi treemaps [15] (Fig-
ure 2.13 (c). Balzer et al. [15] proposed a Voronoi treemap to improve the aspect
ratio and increase space utilization by effective use of space by introducing vari-
ous shaped polygons. Wetzel et al. [220] proposed Circular treemaps for effective
use of space, see (Figure 2.13 (d)). Auber et al. [10] proposed GosperMap in order
to assist users to remember the global structure of the hierarchical data, see Figure
2.13 (e).

A visual representation of NTFS file system permission was presented in [103,
171]. They used treemap-based visualization to understand and manipulate file
system permissions intuitively.

2.3.1.2 Pixel-based Visualization

Treemaps and pixel-based visualization share a similar dense appearance. More-
over pixel-based visualizations can also be regarded as a special case of a treemap.
Keim provided a comprehensive survey of pixel-based visualization [118]. Oelke
et al. proposed a number of methods for boosting some focus information in a
pixel-based visualization [154], see Figure 2.14.

After reviewing different information visualization techniques we have found
that visualization of large-scale multivariate file system data is a particular chal-
lenge. Treemaps are a commonly used space efficient visualization tool for file
system visualization. However, treemaps do not support document search nor are
they able to display multivariate file system information. Therefore, how display
search attributes: queries, results, and how to effectively present multidimensional
attributes per node is a challenge.

Treemaps can only show the structure, however, with multivariate data new
methods come into play, see Kerren et al. [119].
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The smallest known value of c, conjectured to be optimal, is 2, 

which holds for the so-called H-Curve [10]. (The H-Curve can be 
constructed for rectangles of arbitrary dimensions, as well as 
squares, which is why we have lost no generality in assuming the 
mesh is square.)  

 
 

 

 
Figure 2. Some examples of H-Curves. 

 
The diagram above shows three examples of H-Curves of 

different lengths on different meshes. Note that if there is a 
different number of items than grid elements—as must happen if 
there are a prime number iof leaf nodes--there may be empty 
space resulting in a little empty “notch” in the on corner; see 
Figure 5 for an example of this discretization phenomenon. 

2.5 The Jigsaw Map: A Perfect Layout Function 
 

We now define the jigsaw map and prove it is a perfect layout 
function. The idea behind a jigsaw map is to solve a trivial one-
dimensional layout problem and then map that one-dimensional 
layout into two dimensions using a screen-filling curve.  

As before, let the input sequence be given by x=(x1, x2, …, xk), 
where x1 + x2 + … + xk. = n2. We define the jigsaw layout function 
J using two other functions: a screen-filling curve satisfying c-
locality, which we call H, and a trivial “one dimensional layout 
function,” g. 

To define this second function, let mi= x1 + x2 … + xi. Thus 
m1=x1 and mk= n2. Let g be the function that maps x to the 
following sequences of subsets of {1,2, …, n2} : 

 
g(x) = ({1, 2, …, m1}, {m1+1, …, m2}, …, {mk-1+1, … mk}).  
 
Intuitively, we can think of g as a sort of “one dimensional” 

layout function that creates a perfect layout on a 1 x n2 mesh. Now 
let  

 
J(x) = H(g(x)), 
 
where the function composition is taken to mean: 
 
J(x) = ({H(1), H(2), …, H(m1)}, … , {H(mk-1), H(mk-1+1),…, 

H(mk)}). 
 
 
THEOREM 1.  
J is a perfect layout function. 
 
PROOF.  
Because of the “continuity” property of the screen-filling curve 

H, J must have the stability property and order-adjacency 
property. The c-locality property of H implies c-locality of J. It is 
easy to see that g is “split-neutral,” in the sense that splitting one 
of the xi will not affect the partitions of the others, and therefore J 
will also be split-neutral. Hence J is a perfect layout function. 

The diagram below is a schematic version of the process of 
creating a jigsaw layout. At left is a one-dimensional layout 
corresponding to the function g, at center is the same layout 
extended to a screen-filling curve, and at right is the actual space-
filling result. Note that there is one point that we have skipped 
past in the construction, and that is how to use the function J to 
layout a hierarchy of objects, rather than a flat sequence. To do so 
is simple, however: simply create a one-dimensional layout using 
a depth-first ordering of leaf nodes, and then apply H. 
 

 

Figure 3. Using an H-Curve to Create a Jigsaw Map. 
 
 

Figure 4. Sample Jigsaw Map Layouts. 
 

2.6 All Perfect Layout Functions are Jigsaw Maps 
Are there other perfect layouts besides the jigsaw construction 

described above? It turns out the answer is no: a converse to 
Theorem 1 holds.  

 
THEOREM 2.  
Any perfect layout function L can be written as L = H(g), where 

H is a screen-filling curve and g is the one-dimensional layout 
function defined in the previous section. If L satisfies the c-
locality property, the screen-filling curve H has the locality 
property that distance(H(i), H(j))  <  c|i-j|1/2. 

PROOF.  
Consider the input sequence S of n2 ones. That is, S = (1,1, …, 

1) with n2 entries. Then for some integers {ai},  
 
L(S)=({a1}, {a2}, … ).  
 
Now we can “read off” the function H, and define:  
 
H(i)=ai.  
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Figure 1: Hierarchical partitions computed by the modified Treemap algorithm on synthetic data. Thicker
boundaries correspond to higher levels of the partition.

For the case of embedding into ℓ1, Avis and Deza [1] have
shown that it is NP-hard to decide whether a given metric
space embeds isometrically (i.e. with distortion 1). Inter-
estingly, it has been shown by Malitz and Malitz [22] (see
also Edmonds [14]) that deciding isometric embedding into
2-dimensional ℓ1 can be done in polynomial time, while Ed-
monds [14] has shown that it is NP-hard for 3-dimensional
ℓ1.

The question of approximating the minimum distortion
has also been investigated under the requirement that the
embedding is a bijection (cf. [19, 24, 15, 13]).

1.3 Definitions and Notation

Metrics and Embeddings.
The spread of a metric space is the ratio of the diameter

to its minimum distance.
An embedding of metric space M = (X,D) into a metric

space M ′ = (X ′, D′) is a mapping f : X → X ′. The distor-

tion of such an embedding is defined as maxx,y∈X
D′(f(x),f(y))

D(x,y)
·

maxz,w∈X
D(z,w)

D′(f(z),f(w))
.

An ultrametric M = (X,D) is a metric space that can
be realized as the shortest-path metric over the leaves of a
rooted weighted tree T , such that the distance between the
root and any leaf is the same. Equivalently, M is an ultra-
metric iff for any x, y, z ∈ X, D(x, z) ≤ max{D(x, y),D(y, z)}.

Geometry and Aspect Ratios.
For a set A ⊂ Rd, let Vol(A), and diam(A) denote the

d-dimensional volume, and the diameter of A, respectively.
Let also int(A), cl(A), and ∂A, be the interior, the closure,
and the boundary of A respectively. We define the aspect

ratio of a polygon A to be λ(A) = diam(A)2

Vol(A)
.

For a d-dimensional hyperrectangleR of sides s1, s2, . . . , sd ∈
R+, the rectangular aspect ratio λrect(R) of R equals maxi si

mini si
.

It can easily be shown that for 2-dimensional rectangles, the
aspect ratio and the rectangular aspect ratio are within a
constant factor.

2. HIERARCHICAL CIRCULAR
PARTITIONS OF THE PLANE

We show an algorithm that constructs a partition of the
plane that reflects properties of a tree with weights w(·)

assigned to its vertices. There is a 1-to-1 correspondence
between the polygons in the partition and the vertices of
the tree, and each polygon has volume equal to the weight
of the corresponding vertex.

Throughout the paper, we will refer to this partition as
hierarchical circular partition. We call it “hierarchical” be-
cause if a vertex v is a descendant of another vertex u, then
the polygon corresponding to v is contained inside the poly-
gon corresponding to u. Furthermore, if two vertices are not
in the ancestor-descendant relation in the tree, the interiors
of the polygons corresponding to these two vertices are dis-
joint. The term “circular” is used because we require all the
polygons to have small aspect ratio. Intuitively, if a poly-
gon has small aspect ratio, it is close to a circle. The main
technical difficulty that we face is showing that the aspect
ratios of all polygons in our partition are small.

A formal specification of all the desired properties of such
a partition follows. We write P(S) to denote the power set
of S, i.e., the set of all subsets of S.

Definition 1. (γ-Hierarchical Circular Partition)
Let T = (V,E) be a rooted tree with n leaves, and depth
d. Let w : V → R≥0 be a function such that for any in-
ternal vertex v ∈ V (T ), with children u1, . . . , uk, w(v) ≥
Pk

i=1 w(ui). Then, for some γ > 0, a γ-hierarchical circular
partition for (T,w) is a mapping f : V (T ) → P(R2), such
that:

• For each v ∈ V (T ), f(v) is a convex polygon in R2

with λ(f(v)) ≤ γ.

• For each v ∈ V (T ), Vol(f(v)) = w(v).

• For each u, v ∈ V (T ), such that u is the parent of v in
T , f(v) ⊆ f(u).

• For each u, v ∈ V (T ), such that u is not an ancestor of
v, and v is not an ancestor of u, int(f(u))∩ int(f(v)) =
∅.

2.1 Existence of a good cut
The main component of a proof that hierarchical circular

partitions with good properties exist will be the following
lemma. It shows that there is always a way to cut a polygon
into two smaller polygons of required volumes so that the
aspect ratios of the new polygons are bounded. The proof
of the lemma is long and consists of a case analysis.
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(a) (b)

(c) (d)

WL ¼ lim
k!1

sup
i;j2Nk

dðhðiÞ; hðjÞÞ2

ji� jj ;

where Nk denotes the set of k-digit base-n numbers and
dðhðiÞ; hðjÞÞ is the euclidean distance in R2. We square this
term because, if the maximal distance in N is Oðk2Þ, then
the maximal distance in R2 is OðkÞ. WL indicates how
much the nodes that are close in 1D space are close in 2D
space. If this value is finite, then this curve has the locality

property that is defined by dðhðiÞ; hðjÞÞ < cji� jj1=2 where
c ¼WL1=2. This property guarantees that children of a
single node will be close to one another. With a curve that
does not hold the locality property, two children of the
same node can be far apart from each other (e.g., in the case
of a spiral, up to its diameter).

We have analyzed many curves, and the curve that
appears to be the most suitable is Gosper’s flowsnake
curve, which is also known as the Gosper island [48].
Indeed, this approach divides the plane into hexagons.
Then, angles of the polygons that define the boundaries of
the regions are 2�=3 or 4�=3. Obtuse angles make the
boundaries smoother, which allows us to obtain regions
that are similar to those that can be observed in carto-
graphic maps. Gosper’s flowsnake curve has the locality
property, with c ¼

ffiffiffiffiffiffiffiffiffi

6:35
p

[47].

3.2 Positioning the Leaves and Dividing the Space

The leaves’ order is extracted by a depth-first search, which
can be seen in Fig. 1b. We place the points along Gosper’s
curve, as shown in Fig. 1c. Each curve requires a specific
way of dividing the plane, to make each node represented
by a polygon; using a Voronoi diagram to perform this
operation makes it generic, although it is slightly time-
consuming (oðn � logðnÞÞ where n is the number of leaves).
In this specific case, the regions produced are hexagons, as
shown in Fig. 2a and, thus, can be generated in oðnÞ. The
size of a region that represents a node can be augmented
by attributing several consecutive points of the curve to
this node.

We are now able to create a region for each node of the
hierarchy from the bottom to the top of the tree; a region of
a node is obtained by merging the regions of its children, as
shown in Fig. 2. Notice that this method follows the region
containment principle because Gosper’s curve is planar.

Using the aforementioned method already produces
treemaps with irregular shapes such as in Fig. 3 in a very
short time (less than 1 second for the graph shown, of over
6,000 nodes). The parent regions are drawn over their
children, and are applied with some transparency so that
the children are visible. This process does not allow the
display of more than three levels, because the borders are
overlapping. If a leaf is the only child of its parent, then
their boundaries will overlap, hiding the depth of the leaf.
To show more levels, we could hide all the current top-level
regions, but we would lose the ability to distinguish two
regions of the same depth in the tree that do not have the
same parent. Another solution would be to drill down in a
specific region, showing only the subtree of this region,
which would lose the contextual information. We added a
postprocess to our method, which solves this problem (see
Section 4.1).

4 IMPROVING THE MAP

Differentiation and identification of the hierarchical levels
in the map are required for the map to be visually analyzed.
The boundary computations and the labeling can benefit
from the map construction operations.

4.1 Boundary Computations

An efficient way to detect the region containment for each
level of the hierarchy could consist of separating the lines
that delimit the regions from one another. As we can see in
Fig. 1c, the boundary that defines the region f6; 7; 8g does
not overlap its parent’s boundary (region f5; 6; 7; 8g). As a
result, it is easy to determinate a region’s hierarchy because
a region is contained inside of its parent regions (i.e., nodes
in the path from this node to the root of the tree). Similar to
a cartographic map, we can see such boundaries as contour
lines that demarcate regions that have the same altitude
(i.e., the same level in the hierarchy).

We use the hexagonal grid that was created by the
Voronoi diagram, and we replace each vertex of each
hexagon by a node. Then, we add edges between the leaf
and each of the vertices of its grid cell, effectively creating
an internally triangulated graph, as in Fig. 4a.
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Fig. 2. Placement of the ordered leaves along the curve. (a) Nodes
positioned along Gosper’s curve. (b) Nodes regions created by the
Voronoi diagram and the initial tree in which nonleaf nodes are
represented by the corresponding regions of the final layout.

Fig. 3. Filesystem hierarchy of the Tulip (http://www.tulip-software.org)
open-source software, on which we have implemented our prototype.
The levels display changing boundary sizes according to the depth of
the corresponding nodes in the hierarchy and provide a transparency
value to the regions.

(e)

Figure 2.13: Different treemaps with non-rectangular layout: (a) Jigsaw [218],
(b) Convex [156], (c) Voronoi [15], created from cse512-14w.github.io/
fp-plvines-djpeter/demo.html, (d) Circular lip.sourceforge.net/
ctreemap.html, (e) Gosper [10].

2.3.2 Multivariate Visualization

Multivariate information visualization techniques deal with displaying all the data
attributes at once. Four main multivariate data visualization techniques are (a)
tables, (b) scatter plots, (c) parallel coordinate plots, shown in Figure 2.15, and (d)
glyphs. Tables are not scalable in terms of number of rows and columns it can show
at a time. It is hard to see patterns, trends, and distribution in a table. Scatter plots
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2. BACKGROUND
D. Oelke, H. Janetzko, S. Simon, K.Neuhaus & D. Keim / Visual Boosting in Pixel-based Visualizations

(a) Without visual boosting (b) Local boosting with background coloring and semi-transparent halos

Figure 2: Visual boosting of customer feedback data. Positively mentioned features are colored in blue, negatively mentioned
ones in red. In (b) background coloring is used to emphasize the local trend and outliers are boosted with halos.

weight to the pixels whose values deviate most from the
trend.

4.1.2. Highlighting Search Terms

Part of a scientific paper is visualized in figure 3. Each pixel
represents a word and words are grouped into sentences. In
this case the task is to spot passages that are dense with re-
spect to certain search terms. Pixels that represent the term
“visual” are colored in purple, findings of the search term
“human” in orange, and occurrences of “multimedia” are
marked in green. Again the halo technique is used for boos-
ting. But this time, halo sizes are determined globally. The
rarer a search term is in the document, the higher is its boos-
ting factor. Globally seen, even the most frequent term “vi-
sual” is still sparse. This is why we boost the occurrences
of this term, too. The parameters of the halo technique per-
mit to determine how much the boosting should be biased
towards rare occurrences. In this case, the boosting factor of
the rarest term is chosen to be about four times as large as
the one for the most frequent search term.

4.2. Genome Analysis

The genome of an organism is its hereditary information and
represents (together with the cellular machinery) the ’con-
struction plan’. The genome is a sequence over an alphabet
of four letters (A, C, G, T - nucleotides). There are regions
(genes) which code for known functional entities (proteins).
However, for some sections it is not known if they code for a
(new) protein or whether this section is indeed non-coding.
To produce a protein, a gene containing segment of the ge-
nome is transcribed in a blueprint, called messenger RNA
(mRNA). This mRNA is translated by the cellular machine-
ry to the encoded protein.

With further development of sequencing technologies

(next-generation sequencing technologies), it is now pos-
sible to sequence the whole transcriptome (all RNA) of a
cell, RNA-Seq(uencing) [Met10, WGS09]. Since mRNAs
are translated in proteins, it is possible to infer from this tran-
scriptome, at least to some amount, the protein content of the
cell, and to possibly identify new coding regions.

Thus, RNA-Seq is a promising new technique, but there
are problems in data analysis. Due to technical reasons, on-
ly short segments of, e.g., 50 nucleotides of the RNAs can
be sequenced using the SOLiD system [Met10]. The RNA,
which can be a few thousand nucleotides in length, is there-
fore fragmented before sequencing. Each 50 nucleotide read,
of which a few millions are produced in a sequencing run,
has to be mapped to the genome. Sections of the genome that
receive coverage from such reads are transcribed at this posi-
tion. Because the reads from a certain long mRNA-molecule
are obtained statistically, the coverage of a transcribed geno-
mic region can be uneven or interrupted.

We use those RNA-Seq data as example of a task that re-
quires data-driven boosting of passages. In figure 4, each pi-
xel represents a nucleotide and the mapped color is depen-
dent on the coverage. Thus, this reflects the relative amount
of different RNA molecules that were found in the cell at the
time of the analysis. The start and stop positions of known
genes are given as meta-information. These gene stretches
are marked with backslashes ’\’.

Figure 4(a) shows the transcription of a segment of a ge-
nome. The coverage of the first gene depicted in the gra-
phic is uneven and interrupted, but the transcription level is
quite high compared to the background level. The surroun-
ding regions are also transcribed which is common for most
genes since those regions contain further information about
where to start and stop protein synthesis of a gene on the
mRNA. Interestingly, transcribed regions without annotated
or suspected genes exist. Biologists are interested in finding

c© 2011 The Author(s)
Journal compilation c© 2011 The Eurographics Association and Blackwell Publishing Ltd.

Figure 2.14: Pixel-based visualization, right image without visual boosting and
left image shows visual boosting with background colouring and semi-transparent
halos. Adopted from [154].
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Figure 2.15: Multivariate information visualization techniques: tables (left), scatter
plots (middle), and parallel coordinate plots (right). Adopted from [149].

are suitable for small number of data dimension. Using scatter plots, a N2 plots
are required to show data with dimension N. A review of parallel coordinates was
presented in [102] and a study on perceiving patterns using parallel coordinates
can be found in [110]. Parallel coordinates are difficult to learn and they take higher
resolution. The fourth technique, glyph-based multivariate data visualization, is
described in the next section.

2.3.2.1 Glyph-based Visualization

Glyphs are visual entities composed of several visual channels representing mul-
tivariate qualitative and/or quantitative attributes. Borgo et al. [28] described
glyphs as small visual objects that have a meaning and involve learning. Ideally a
glyph should be a compact and small visual object that can code multiple dimen-
sions, as well as spatial information to convey meaning and it also requires learn-
ing. For example, Figure 2.16 (a) shows a simple glyph encoding four attributes of
wind: direction, speed, temperature, and location. The use of metaphor makes the
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Attributes

Direction

Speed

Temperature

Location

Visual Encoding

Orientation

Density

Colour

Position
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SLD: Straight Line Direction
* i di t b ti f ti

LIN*: VSL/VCL

g
(shape orientation)

HP: Head Position
(center position)
HW H d Wid h

* indirect observation of ratio
through relative distance

WOB*: VAP/VCL

STR*: VSL/VAP

HW: Head Width
(shape width)
HL: Head Length
(shape length)

MAD: Mean Angular
Displacement (angle)

HR: Head Rotation
(shape orientation)

V0: Zero Velocity
(fixed radius)

VSL: Straight Line Velocity
(radius/arclength, color)

ALH: Amplitude of Lateral
Head Displacement (length)

VAP: Average Path Velocity
(radius/arclength)
VCL C ili V l i

BCF: Beat Cross Frequency
(arclength, clock metaphor)

(radius/arclength, color)

VCL: Curvilinear Velocity
(radius/arclength)

Uncertainty (head, tail)FTA: Total Projected

FTT: Total Torque of
Filament (thickness)

Uncertainty (head, tail)
(color)

FTA: Total Projected
Arclength of Filament (length)

FCA: Change in Angle of
Filament

FAS: Asymmetry of Filament
(angular displacement) unavailable

Fig. 5: Glyph Schematic: this schematic shows how 20
parameters are explicitly encoded into the the glyph. Param-
eters such as LIN, WOB and STR are implicitly represented
by how the velocity parameters are laid out in the glyph.

and metaphoric abstraction. We used multi-scale ‘crash test’
to ensure that glyphs would still be legible at the lowest
resolution. An example swatch chart and a multi-scale crash
test can be seen in the Appendix. We presented several
initial designs to the domain specialists and sought their
opinions. We found that the domain specialists responded
better to more abstract glyph designs that made use of
simple lines and shapes.

After numerous iterations, occasionally involving debates
and ranking exercises, we eventually converged into a
design as illustrated in Fig. 5. The design encodes a
total of 20 attribute dimensions directly. These include 6
WHO-recommended measures for head kinematics (VCL,
VAP, VSL, BCF, ALH, MAD), 5 further head measures
(HP, SLD, HW, HL, HR), 4 flagellum measures (FTA,
TCA, FAS, FTT), and 2 uncertainty measures in processing
the head and flagellum data. In addition, 3 other WHO-
recommended measures (LIN, WOB, STR) can be observed
indirectly by comparing VCL, VAP and VSL.

As this is a new approach in semen analysis, there
were a number of challenges and sometimes conflicting
recommendations, some which are discussed below.

The three velocity measurements, i.e., curvilinear (VCL),
average path (VAP) and straight line (VSL), are the most
used attributes in semen analysis. The visual comparison of
these measurements is also necessary for observing three
ratio factors, LIN = V SL

VCL , WOB = VAP
VCL and ST R = V SL

VAP .
We thus map these three attributes to the radii of three
open-ended arcs. This avoids the arcs being interpreted
and compared as areas. As radii are linearly related to
the circumferences, the line lengths offer equivalent but
more scalable visual quantities. Metaphorically, velocity
is associated with distance or length; hence these three
mappings are easy to remember. Although we always have
the spatial relationships VCL ≥ VAP ≥ V SL, we further
improve their identification by assigning a much darker
color to the middle line, VAP. The geometrical mapping

of these three velocities is defined as:

rvcl =
VCL+Cbase

Cscale
,rvap =

VAP+Cbase

Cscale
,rvsl =

V SL+Cbase

Cscale

where Cbase and Cscale are two user-definable constants.
Cscale specifies the overall scaling factor of the glyph in
relation to microns μm, the standard distance unit in semen
analysis. For example, if 100 μm is mapped to 50 pixels,
Cscale is set to 2. Cbase specifies the minimal glyph radius to
prevent the generation of glyphs that are too small to see.
Since the velocity of a sperm affects the overall glyph size,
a sperm that is not in motion could potentially be mapped
to a tiny dot in the visualization. One normally sets Cbase
in relation to the maximum head length of the sperm to be
studied. For glyphs in this paper, we set Cbase = 80μm and
Cscale = 5.

Normally, the ratio between VSL and VCL (i.e., LIN)
varies between 0.2 and 0.8. However, sometimes it may
become very small, at the scale of 0.01. Visually it will be
difficult to distinguish between the VSL of such a sperm
and the VSL of a dead one (note: there is little risk in
mistaking a live one for a dead one as VCL and VAP
would be large enough). To make VSL more perceptible,
we add a redundant color channel for the circular strip
between VSL and V0. This is one of three colored regions
in the glyph; hence it is fairly noticeable. The colormap
for VSL is shown in Fig. 6, which consists of six bands.
While overcoming the visibility problem of VSL, this also
addresses requirement (4).

Since the arc for VSL is not an associative visual
channel [5], a colormap was also designed to facilitate
metaphoric color symbolism (e.g., pink pig, grass-eating
ram and oceanic sperm whale) to aid memorization (Fig.
6). The links among colors, languages, memorization and
communication accuracy were studied extensively in psy-
chology and anthropology. For example, Lucy and Shweder
[43] confirmed that the combination of color and linguistic
description aids both short- and long-term memory. Stokes
[63] confirmed the positive effort of using metaphoric
colors to aid learning. Hence encoding VSL using both arc
length and metaphoric colors. The former facilitates quanti-
tative visual search and reasoning at a reasonable resolution,
and the latter learning and memorization. The colormap
is divided into three sections. The first section between
0 and 100μm/s covers the majority needs in observing
and analyzing human semen samples. The combination
between the first and second sections, with a range from
0 to 300μm/s, comfortably covers all VSL measures that
we have found in the literature. We assigned white to any
VSL above 300μm/s for any unexpected new discoveries.

Kinematic measure BCF (beat-cross frequency) created
some difficulties for us as it encapsulates the number of
interactions between VCL and VAP. We did consider sev-
eral design options of using dots or short lines to represent
BCF. However, because BCF varies between 2 and 35Hz,
it will be highly inefficient to rely on object counting as
a visual mapping [68]. We thus mapped BCF to a shaded
circular strip between VCL and VAP as shown in Fig. 5.
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(a) (b)

Figure 2.16: (a) Simple glyph depicting wind direction, speed, temperature, and
location. (b) A complex glyph by Duffy et al. [72] encoding 23 attributes of sperm
cells (adopted from [72]).

glyph intuitive to decode, e.g., colour for temperature, the orientation of an arrow
showing direction, and position of the arrow for location. Duffy et al. [72] created a
complex glyph that encodes 23 attributes of sperm, see Figure 2.16 (b). This glyph
is used to summarise sperm video data in one second interval, thereby reducing
the overall task of watching the videos repeatedly by the domain experts.

Glyphs design involves visual mapping and metaphoric abstraction. There-
fore, the glyphs design process often goes through many iterations where data at-
tributes are carefully assigned to visual channels, e.g., size, shape, colour, texture,
orientation and so on. A well-designed glyph can facilitate effective information
encoding, efficient learning and decoding whereas a bad glyph design can cause
ambiguity and confusion [28]. Matt Ward [212] has written a survey on glyph
placement strategies and presents a comprehensive taxonomy of different layout
algorithms in 2D or 3D space. Maguire et al. [135] proposed a systematic guide-
line for glyph design by using a taxonomy. They have demonstrated the proposed
approach by analysing and visualizing the content of a biological database. The
perceptual strengths of different visual channels based on levels of organization
can be found in Bertin’s book [18]. Pre-attentive processing or the popout effect is
studied extensively in the area of psychology and a summary of this work can be
found in [135].
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2.3.2.2 Application of Glyph-based Visualization

The glyphs were used to visualize diverse domain specific data. Glyph designs
are largely influenced by particular application domains and tasks. Glyph de-
signs could be generic such as using facial attributes (e.g., the length of the nose,
the curvature of the mouth) to represent regularities and irregularities in data as
presented by Chernoff [48] as early as 1973. Over the years more complex and
application-specific glyphs have been proposed, see Figure 2.16 (b).

Matt Ward [212] classified different types of glyphs, as well as their placing
strategies, and proposed rules for their usage and noted several bias issues in the
context of information visualization. Borgo et al. presented numerous applica-
tions of glyphs to visualize different domain specific data in [28]. Here, we briefly
summarise the glyph designs that have been proposed to visualize different do-
main specific data, e.g., search results, text and literature, computation, medical,
geo-spatial and so on.

Search Results. Search results are often displayed as text in a list or in a tabular
view, often showing 10-15 results per page. However, most of the information e.g.,
search space, search attributes, search history, search results, their distribution,
clustering pattern and so on are not shown. Roberts et al. proposed glyphs to visu-
alize Web search results [172]. Chau [42] proposed a flower metaphor based glyph
to visualize more search attributes in a Web search results. Search keywords were
shown using petals, outgoing links from a document were shown using leaves,
the stem showed document length, and the supporting ground showed incoming
links. Kachkaev et al. [113] proposed glyphs with parallel coordinate plots to dis-
play and explore survey results. Karve and Gleicher [116] presented a glyph-based
visualization for search results from the Protein Data Bank.

Text and Literature. Gyphs are becoming a widely used technique for analytics
and visualization of digital humanities domain creating large cultural datasets
(e.g., history, text, literature, music, and so on). Visualization of document con-
tent and document relationships was described in [176]. Document contents are
mapped to a shape which enables the identification of global content similarities
and differences of multiple documents by comparing shapes. Closely related docu-
ments are clustered and blended as a single connected shape. There have been nu-
merous efforts to visualize the scientific literature and citation network. Chaomei
Chen [43] used network as well as cluster visualization techniques for visualizing
trends and transient patterns in scientific literature. Abdul-Rahman et al. [1] pro-
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posed a rule-based visualization technique for depicting the characteristics and
positions of phonetic articulation in relation to the human vocal system. Their vi-
sualization system can display as many as 26 different poetic variables. This work
was extended in [2] for visualizing the relationship and variance between different
lines in a poem and in comparing different poems.

Computation. Environmental data has inherent uncertainty which is ignored in
simple arrow glyph-based visualization. Therefore, a vector glyph was proposed
in [221] to visualize uncertainty in winds and ocean currents. Botchen et al. [31]
used glyphs to encode the position of objects, size, type of action, relation with
other objects and uncertainty in the information, and created a summary from
video surveillance systems. Legg et al. [128] used glyphs for annotation of rugby
match videos. Such glyphs encode information about the type of event, the play-
ers, and the team involved. Chuah and Eick [53] presented glyphs to encode soft-
ware code related information. The Bug glyph shows the number of lines added,
the number of errors, the number of file changed, the languages used and the
wheel glyph shows lines of code, the number of coders, errors, and changes in
files.

Scientific Visualization. Glyphs have long been used in multivariate scientific
visualization [87] among them flow visualization shows patterns in the flow of liq-
uids and gases using glyphs [126]. Hlawatsch et al. [104] proposed a flow radar
glyph to visualize flow directions by angles and time by radius in spherical co-
ordinates. Such glyphs were used to visualize unsteady flow with static images,
allowing for easier analysis of time-dependent phenomena compared to animated
visualizations. Peng et al. [161] reduced visual clutter through composite glyphs.
They showed the velocity and direction using a cluster of arrows.

Medical and Biology. Glyphs have widely been used in medical and biology data
visualization. A detailed survey of the use of glyphs in medical visualization can
be found in Ropinski’s surveys [177–179]. Some examples of notable work in this
area includes, Walton et al. [210] using glyphs to show multivariate attributes of
Cardiovascular Magnetic Resonance (CMR) imaging data. An analysis and visu-
alization of the content of a biological database was proposed in [134, 135, 145].
Duffy et al. [72] proposed a glyph-based visualization of 23 sperm attributes to
summarize videos, see Figure 2.16 (b).

Geo-visualization. In geo-spatial visualization glyphs have long been used to
overlay information on maps. A notable example is the one by John Snow who, in
1855, used glyphs to show cholera incidents. He used stacked rectangles to show

31



2. BACKGROUND

the number of incidences and the position in the map of London to show location.
Sanyal et al. [183] used glyphs to show uncertainty in weather data. Ware and
Plumlee [215] used glyphs for improved weather visualization.

2.3.3 Provenance Visualization

The quality or validity of data can be examined or reviewed in the context of its
original source and transformations over time. The historical information that
needs to be captured over time to support that process is called Provenance Informa-
tion. A comprehensive review on different types of provenance information, use
cases, and a framework for developing and evaluating a provenance application
can be found in [124]. In this section we shall discuss provenance visualization
techniques applied to a domain and/or domain specific data to support querying,
workflow management, analytics and so on.

Web provenance data, e.g., search, navigation, click-stream, and query logs are
extensively captured. Web search activities generate query logs [229], usability
logs [92], and Web clickstreams [219]. Clickstreams [39, 127] support the analysis
of Web traffic and the users’ Web path navigation behaviour [51]. Such information
is useful for understanding the effectiveness of Web marketing, advertising, and
merchandising efforts. It also reveals how customers find stores, the products they
browse, and the products they purchase and so on. Workflow visualization allows
users to track provenance information such as evolution. Another notable applica-
tion of provenance visualization is to explore the file system hierarchy and changes
over the time. In this section, we shall present a survey of different provenance vi-
sualization techniques. Although provenance information is extensively captured
in the Web search domain, there are no examples of work that have focused upon
visualizing such provenance information to assist in search.

2.3.3.1 Text-view

Provenance management tools such as Haystack [107] used multiple dialogs or col-
lapsible views to visualize documents, e-mail, appointments, tasks, and other in-
formation in a single window. The users’ document and the metadata information
are displayed in the main view, see Figure 2.17. Haystack uses a semi-structured
data model to describe the relationship between the different documents and their
metadata information. Stuff I’ve Seen (SIS) [74] was developed to provide a uni-
fied access to the provenance of what a user has seen on their desktop. SIS tool
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Figure 1: Haystack screenshot 
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1. OVERVIEW 
In this demonstration we present Haystack, an 
environment that allows users to easily manage their 
documents, e-mail, appointments, tasks, and other 
information [1]. Haystack uses a semistructured data 
model to describe the connections between different 
documents in a user’s corpus as well as the metadata 
concerning each document. This amalgamation 
provides users with a unified framework for 
managing all of their information, e.g., documents, e-
mails, etc., through a single interface. Furthermore, 
Haystack’s user interface exposes general tools for 
navigating the various kinds of information found in 
users’ corpora. 
Figure 1 shows the Haystack home page, which is 
displayed when Haystack’s user interface is first 
started. Like a portal, the Haystack home page brings 
together in one screen information important to the 
user. However, unlike a portal, Haystack hosts agents 
that work in the background, accumulating 
information such as e-mail from POP3 servers and 
news feeds from RSS subscriptions, while the actual 
presentation of this information is decoupled from 
agents and is the responsibility of Haystack UI 
components called views.  
When a view of a collection, such as the Inbox 
collection, is rendered to the screen, Haystack iterates 
through the members of the collection, recursively 
locates views for these members, and instantiates them within the 
collection’s view. In other words, Haystack calls upon views 
specifically designed to present certain types of data to display 
those data. In the process Haystack maintains a correspondence 
between strings of text on the screen and the meetings, to-do 

items, or e-mail messages of the collection they represent.  
Consequently, these strings are not merely dead pixels. Instead, 
users can manipulate them with context menus and drag and drop 
them between different areas of the screen. For example, one can 
drag a news article from the News view to the Inbox as a 
reminder to read the article. Because the UI framework maintains 
the mapping from each visual UI element to its associated 
underlying object, the drag and drop operation can be tagged with 

the object being dragged, and as a result, the Inbox view can 
intelligently determine the correct response to the drop operation.  
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Figure 2.17: Example text-based provenance view, which shows different at-
tributes and relationships between different documents. Adopted from [107].

uses multiple widgets to display, search, and filter desktop information using a
text view, and it assists a user to tag their content with metadata. RAMP [160]
automatically captures and displays workflow information in a text-based view.

2.3.3.2 Node-link Graph

The conventional visual encoding for provenance data is derived from the fields
of network and graph visualization. The provenance visualization technique com-
monly used for provenance data is the node-link diagram [37] as shown in Figure
2.18. In node-link diagrams, the visual encoding of nodes are represented as dots
or rectangles and edges or connections between nodes and are represented as lines
or curves. WebQuilt [216] and Webviz [163] used node-link diagrams to visual-
ize click-streams. Kreuseler et al. [124] used a tree structure to represent change
histories and to calculate operations (e.g., undo and redo) of an exploratory data
mining application. Behaviour Graphs [39] used state diagrams to visualize search
structures on the Web for discovering usage patterns. The provenance information
generated in a file systems operating systems, and large-scale distributed storage
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Application Level. Burrito14 tracks 
user-space events, while also support-
ing additional user-provided annota-
tions. SPROV16 focuses on the secu-
rity of provenance and provides a thin 
wrapper around the standard C I/O 
library. A newer version is capable of 
using provenance captured by other 
systems, such as PASS.

Big Data. Lipstick1 and RAMP24 both 
tackle the problem of tracking prov-
enance in big-data scenarios (MapRe-
duce jobs).

It is the properties of these systems 
that define what can be recorded and 
with what trade-offs, overhead, and se-
curity implications.

Provenance System Properties
Effectively using provenance systems 
in practice requires understanding a 
number of aspects related to:

˲˲ The exact metadata being cap-
tured. 

˲˲ The effort required for integrating 
provenance systems within existing 
workflows (running special kernels, 

making runtime changes, or linking ap-
plications with provenance libraries).

˲˲ Understanding how provenance 
metadata can be later queried.

˲˲ Evaluating the overhead imposed 
by those systems.

˲˲ Security issues added by prov-
enance, which might require differ-
ent access controls from those of the 
data itself.

This article categorizes the proper-
ties of the systems selected as repre-
sentative according to these features, 
referring to the motivating use cases 
as required. 

What can it capture? The metadata 
captured by provenance systems typi-
cally relates the state of digital enti-
ties (files, tables, programs, network 
connections, and so on) at different 
stages in their lifetimes to historic de-
pendencies on other entities or pro-
cesses. In this context, two concepts 
are fundamental for determining 
what is captured and how: granularity 
and layering.

Granularity. The granularity of cap-

ture refers to the size of basic primi-
tives that accumulate provenance 
within a system. Consider a scientist 
who uses a configuration file storing 
various experiment parameters as one 
of the inputs to a simulation program. 
Capturing provenance at file granular-
ity will establish the dependency be-
tween the simulation program and the 
configuration file name. The scientist 
is interested in understanding the re-
lationships between the simulation re-
sults and individual parameters in the 
file, however, and this requires capture 
at subfile granularity.

The exact meaning of varying granu-
larity (from fine to coarse) also depends 
on the underlying data model of the 
application. For example, database-
provenance systems could store prov-
enance metadata for an entire table, a 
row within the table, or for each cell. 
Provenance capture at the table level 
is coarse grained and can answer ques-
tions such as: From which other tables 
has table X derived its data? Finer gran-
ularities would determine the relation-

A timeline of provenance systems.
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Figure 2.18: This example node-link visualization shows the work done in the area
of operating systems, workflow, and database provenance visualization from 1991
to 2013. The nodes shown as dots and the links shown as lines connecting the
nodes. Adopted from [37].

(a) (b)

Figure 3: The Vistrail Builder (a) and Vistrail Spreadsheet (b) showing the dataflow and visualization products of the CORIE data.

ecuting a vistrail can take a long time, especially if large data sets
and complex visualization operations are used. It is thus important
to be able to analyze the specification and identify optimization op-
portunities. In the current VisTrails prototype, we leverage the vis-
trail specification to identify and avoid redundant operations. The
Vistrail Cache Manager (VCM) is responsible for scheduling the
execution of modules in vistrails by identifying previously com-
puted subnetworks and performing constant-time cache lookups.
Playing a Vistrail. The Vistrail Player (VP) receives as input an
XML file for a dataflow instance and executes it using the underly-
ing Visualization or Script APIs. The semantics of each particular
execution are defined by the underlying API. Currently, the VP
supports VTK classes with a very simple interpreter.
Creating and Interacting with Vistrails. The Vistrail Builder
(VB) provides a graphical user interface for creating and editing
dataflows (see Figure 3(a)). It writes (and also reads) dataflows in
the same XML format as the other components of the system. It
shares the familiar nodes-and-connections paradigm with dataflow
systems. To allow users to compare the results of multiple dataflows,
we built a Visualization Spreadsheet (VS). The VS provides the
user a set of separate visualization windows arranged in a tabu-
lar view. This layout makes efficient use of screen space, and the
row/column groupings can conceptually help the user explore the
visualization parameter space [4]. The cells may execute different
vistrails and they may also use different parameters for the same
vistrail specification (see Figure 3(b)). To ensure efficient execu-
tion, all cells share the same cache. Users can also synchronize
different cells using the VS interface.

5. DEMONSTRATION OVERVIEW
In this demonstration, we show the power and flexibility of Vis-

Trails by presenting actual scenarios in which scientific visualiza-
tion is used and showing how our system improves usability, en-
ables reproducibility, and greatly reduces the time required to cre-
ate scientific visualizations. In particular, we show how dataflows
are created and modified using the Vistrail Builder and Vistrail
Spreadsheet. Our examples also demonstrate the usefulness of the
history management, caching capabilities, and comparative visual-
ization tools in VisTrails.
CORIE. We demonstrate, through specific examples, how Vis-
Trails can be used to improve the current visualization process
that Professor Baptista employs. This part of the demonstration

includes queries to published visualizations and the use of the his-
tory to modify existing visualizations.
Medical Imaging. Acquiring useful information from the results
of medical imaging devices has been a subject of much research
in the field of scientific computing. We show how VisTrails can
be used to explore the parameter space using multi-view visual-
ization and how caching substantially improves the interactivity of
the process.
Uncertainty Visualization. A difficult problem in scientific sim-
ulation is to represent the uncertainty of the modeling systems due
to measured or computed error. We demonstrate how VisTrails
can be used to effectively visualize uncertainty through the use of
evolving dataflows and comparative visualization.

An alpha release of VisTrails (available upon request) is cur-
rently being tested by a select group of domain scientists. More
information about the system is available at

http://www.sci.utah.edu/˜vgc/vistrails
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Figure 2.19: VisTrail: (a) node-link view of the dataflow, (b) spreadsheet view
shows different visualizations of the data instances. Adopted from [36].

systems are visualized in [89,147,148] using the basic node-link graph or node-link
based flowchart.

A minor improvement over these node-link diagrams featuring a variety of
visual encoding methods, such as including directed edges [58], and collapsible
summary nodes was proposed in Provenance Map Orbiter [133]. Wongsupha-
sawat and Gotz [223] used an improved node-link diagram for event sequence
data from electronic medical records and sports events. GraphTrail [75] used node-
link diagrams to visualize user interactions and historical information stored in a
large network dataset. This tool also integrated charts, interaction, and a pivoting
mechanisms with node-link diagram to support large network analysis. Chi [51]
and Chen et al. [47] used forced-directed diagrams to visualize network data.
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molecule cellular part cell tissue organ organism population

Fig. 7. Visual representations of the 7 classes in S5.

for the material amplification class depicts a small segment becoming
a large segment.

S4: Type of Experimental Perturbation. S4 defines 3 further sub-
classes of the material perturbation class of S2. Due to the low num-
ber of subclasses, we made use of line styles to modify the diamond
shape of the material perturbation. We made metaphoric association
of three line styles as: “solid” line for physically induced perturbation;
dash line, a common metaphor for uncertainty and unpredictability, for
behaviorally induced perturbation; and wavy line, which is closer to a
circle (a visual signature for IOs), for material induced perturbation.

S5: Levels of Material Granularity. This scheme has 7 subclasses
(molecule, cellular part, cell, tissue, organ, organism and population),
and finding a suitable visual channel was not straightforward. A sim-
plest approach would be to use colors to fill the interior of the glyph,
or to use some shape-based encoding. After consulting the domain
experts, these two options were ruled out. In fact, domain experts
preferred some pictograms to represent the 7 subclasses. After con-
sidering a number of more realistic drawings, we found that it was not
easy to create realistic representations that can differentiate all sub-
classes (e.g., cellular part vs. cell; organ vs. organism). We designed
a special set of icons as shown in Fig. 7 with three visual channels
to aid learning, memorization and recognition. The first visual chan-
nel is the overall shape and orientation. The second visual channel is
metaphoric abstraction and association. For example, the shape of cell
part indicates a portion of a cell. Tissue is associated with a patch,
organ with an abstract heart shape, organism with an abstract human,
population with two abstract humans. The third visual channel is the
number of orange sub-shapes, representing the levels 1-7.

S3: Types of Data Manipulation. S3 defines a 3 further sub-
classes of the in silico class of S6. We use three abstract pictograms to
represent data capture, processing and analysis. The encoding makes
use of the difference in overall shape, orientation, and number of tri-
angles to aid learning, memorization and recognition. Note that these
shapes will not be confused with those for S5 as the white background
of the main body provides a distinct context of computing rather than
IOs.

Following mapping of all schemes to design options, creation of all
glyphs is a straightforward process. Fig. 8 shows all variations of the
glyphs associated with the process sub-tree.

We introduced a “crush” test for the designed glyphs by scaling
it to different pixel resolutions. Fig. 9 shows some example glyphs
display at varying resolutions. One can comfortably see all details
at the 40×40 level. At the 10×10 level, one can observe the visual
signature of in vivo and in vitro. Even at the lowest level (5×5), one
can still differentiate the two glyphs.

6 WORKFLOW VISUALIZATION AND ISA INTEGRATION

In order to visualize workflows of biological experiments, we had to
address the following technical issues: 1) mapping from a name in the
metadata to a glyph; 2) creating a workflow visualization with both
node placement and connection display; 3) developing a prototype tool
for a practical environment such as the ISA tools framework.

The mapping from concept name is achieved by a look-up table
which is built from the matrix used in formulating the taxonomic tree
and implemented as a tab delimited file. Each concept name is mapped
to a text tag encoding the traversal path from the root of the tree to the
leaf node corresponding to the name. The tag includes identifiers of
the schemes and classes encountered. With the path, a glyph can be
constructed dynamically from the pre-defined visual mapping as de-
scribed in the previous section. The look-up table also enables storage
of pre-rendered glyphs in an image format.

80px 60px 40px 20px 10px 5px 

Fig. 9. A “crush” test of glyphs to evaluate the discriminating capacity of
various visual channels at different resolutions.

Source Name           Characteristics[Organism]      Protocol REF      Sample Name      Protocol REF      Extract Name             Label      Protocol REF    Labeled Extract Name    

source1 saccharomyces cerevisiae grow sample1_grow extraction sample1_extract1 biotin labeling sample1_extract1_lab1
source1 saccharomyces cerevisiae grow sample1_grow extraction sample1_extract2 biotin labeling sample1_extract2_lab1

Fig. 10. A workflow is recorded in text form within the ISA-Tab format.
Our software translates it to glyph-based visualization. A branching
event is automatically detected during the translation.

To generate the workflow, we made use of the layout algorithm
available within the Prefuse visualization framework [20]. This frame-
work also brings with it functionality such as panning, zooming and
filtering which bring more interactivity to the user and making naviga-
tion through large collections of workflows easier. The only require-
ment for use of Prefuse was a minimal amount of Java code to create
the user interface coupled with creation of an XML file format native
to Prefuse for representation of the tree structure. This XML format
is configurable, we have configured it to contain: node type (e.g., pro-
cess), node name (e.g., labeling) and an image to be rendered, which is
assigned using a look-up operation through the above mentioned tab
delimited mapping file. The order of the XML elements within this
file has direct implications on the order these elements are displayed
in. Within the ISA-Tab format, there is an implicit time element found
in the ordering of the columns in the study sample and assay files. This
can be used to construct the XML elements through near direct map-
pings of processes and IOs, a workflow which is illustrated in Fig. 10.
Recognizing branching events is an important part of workflow visu-
alization as illustrated in 10. In software, these branch events can be
identified when the preceding nodes of a process have the same names
while the succeeding output nodes are different. Fig. 10 highlights
one such case, where branching occurs after extraction of 3 materials
from one sample.

Our software reads text-based ISA-Tab files as illustrated to create
the XML notations required by Prefuse for rendering the experiment
workflow illustrated in Fig. 1(b).

The software is implemented as a Java application capable of pro-
cessing ISA-Tab files to create experimental workflows using glyphs.
For the purposes of broad dissemination in the near future, we have in-
tegrated the workflow visualization directly inside ISAcreator, a Java
desktop application for creating and editing ISA-Tab files. Further-
more, the standalone workflow visualization shown in figures 11a and
b makes use of the same ISA-Tab parser as available within ISAcre-
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Figure 2.20: Workflow provenance information recorded in text using glyph-based
graph visualization. Each node is enriched with multivariate glyphs to visualize
more information. Adopted from [135].

The node-link based provenance view was further developed and enriched by
adding an additional spreadsheet or thumbnail view for interactive and compar-
ative visualization. For example, such diagrams were used for visualization of
workflows in VisTrails [16, 36, 184, 193] (see Figure 2.19) and of scientific work-
flows in [22, 23, 57]. Walker et al. proposed a XML-based provenance model [143]
to support data exploration and to visualize provenance in the context of Human
Terrain Analysis in [209]. Probe-It [58] used a node-link and spreadsheet view to
assist scientists to explore provenance data.

Amsterdamer et al. [6] proposed a workflow provenance visualization tech-
nique for Pig Latin (a query language) queries where different types of nodes were
shown using a simple glyph. Furthermore, Maguire et al. [134, 135] improved the
representation of the nodes in a node-link diagram by using glyphs to show multi-
variate information stored in each node and biological experiment workflows, see
Figure 2.20.

2.3.3.3 Radial Layout-based Graph

It is difficult to scale a large volume of provenance datasets beyond a few hundred
nodes using the node-link based graph. A radial-based layout can save space by
placing the nodes radially. Borkin et al. [29] proposed the InProv tool to explore
file system provenance information using the radial-based tree layout. The InProv
also uses a time-based hierarchical node grouping method for file system prove-
nance data. Such file system provenance visualization is particularly useful for
understanding its complex hierarchical structure.

2.3.3.4 Other Provenance Visualization Techniques

Apart from widely used node-link and radial layout based provenance diagrams
some works have used different visualization techniques, e.g., parallel coordinates,
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Fig. 4. Left: Screenshot of InProv showing the interactions of the node “bash” with its parent and child nodes. The blue edges represent incoming
edges from parent nodes, and the red edges represent outgoing edges to child nodes. Right: Schematic drawing displaying the key visual
encodings and interaction features for InProv. The “node stack” and “context views” both provide context of browsing history as well as location
within the hierarchical structure.

particular sectors, a user can click and select those sectors. The incom-
ing and outgoing edges will be highlighted with bright colors so that
they visually pop from the other edges in the ring. Incoming edges,
from parents, are colored blue (e.g., from “sshd” to “bash” in Fig 4),
while outgoing edges, to children, are colored red (e.g., from “bash”
to “uname” in Fig 4). We initially drew the edges as thin solid lines.
We changed the design to arrows because edge directionality was im-
portant to users. The opacity of edges between sectors indicates how
many edges there are between the two sectors. Stronger connections
are more opaque and more visible. This draws the user’s eye to more
active connections (Task 4, Sec. 4).

The visualization does not distinguish between control dependency
(exchanged signals), data dependency (exchanged data), or version
edges (connecting different instances of the same node). The prove-
nance researchers we interviewed explained that they did not need to
distinguish these edge types for any of their primary tasks (Sec. 4).
Since this visualization was designed to give a high level overview
of a provenance data set without overwhelming the user, this design
choice is reasonable.

Timeline: Each ring represents a group of system activity that hap-
pened around the same time. However, users need to be able to exam-
ine the evolution of the system over time (Task 4, Sec. 4), thus InProv
has the ability to browse data over time. The duration of this activ-
ity is shown on the timeline (e.g., bottom of Fig. 4). The dates above
the timeline show the earliest and latest timestamps in the data file.
From these timestamps, the user can infer the duration of data collec-
tion. The duration of the currently viewed cluster is represented on the
timeline as a grey rectangle. As the user scrolls left and right through
the available clusters by using the left and right arrow keys or clicking
the onscreen arrows, the grey rectangle moves along the timeline to up-
date the user on his/her current contextual location. Clicking a sector
will highlight its associated timestamps on the timeline as black hash-
marks. The timeline partially solves the need for context by showing
how the viewed cluster and any selected sectors relate to the overall
graph (Task 2, Sec. 4). The timeline is only enabled when the data are
grouped with the time-based hierarchical node grouping algorithm.

Algorithms: In addition to our new time-based node grouping
method, InProv can also group nodes using a conventional “process
tree” node grouping method based on control flow information [40].
This method creates summary nodes by treating processes as primary
nodes and constructing a summary node for each primary node. It ar-
ranges these summary nodes in a way that reflects the process tree re-
constructed from the control flow information found in the provenance

metadata (Fig. 3, B). Each summary node contains a primary node and
all of its immediate ancestral and descendant secondary nodes (non-
processes). InProv is able to group the nodes and draw the ring(s) with
either algorithm; by hovering over the “Algorithms” button, the user
can choose between the time and process tree node grouping methods.

Navigation and Interaction: Hovering the mouse over a sector
displays a tool tip with more information about that particular sector.
This design feature was motivated by the users’ need to investigate
more detailed information about a particular node (Task 3, Sec. 4). If
the sector is a subgroup of nodes, hovering will display information
such as the number of contained sectors, as well as the numbers of
contained files and processes. Clicking on a sector selects it, turning
it purple, and clicking again on the selected sector expands it. If the
sector represents a subgroup of nodes, those nodes will expand to fill a
new ring (Task 2, Sec. 4). We investigated expanding sectors in place,
as in TreeNetViz, but decided that limiting the total number of sectors
displayed to the user at any given time for comprehensibility was a
greater priority [23]. If the sector is a single node, the new ring will
display all nodes one edge away from the current node regardless of
what timestamp they were in originally. The user can thus see what
connections a node has outside of the group it which it was initially
displayed in (Task 4, Sec. 4).

Node Stack: Each time a sector is expanded, its name is added to
a list of expanded node groups, or nodes, displayed at the top of the
screen as a text path. Next to the “node stack” text path is a “BACK”
button for returning to the previous ring (e.g., top of Fig. 4). This list of
sectors communicates the path the user took to get to the current view.
We added this feature in response to user feedback. During qualitative
feedback sessions with an early version of InProv, users repeatedly
complained that, upon expanding a node, they were confused as to how
they had ended up in their new location and were unclear on the current
view’s location in the overall graph. The addition of the node stack
greatly helped the users to keep contex and understand the hierarchical
structure as node subgroups were expanded (Tasks 1 & 2, Sec. 4).

Context Views: Each time a sector is expanded, a miniature version
of its previous ring and its node stack path are added to the “context
view” displayed on the right side of the screen. The context view
displays three rings at a time. The rings are stored starting from the
bottom of the screen, where the most current ring is displayed. The
context view scroll, i.e., the up and down arrows to the right of the
context view, allows the user to view their navigation history. The
sector that was clicked-on for expansion is colored purple in each of
the context view rings. This helps the user remember their browsing
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Figure 2.21: The InProv tool was developed to visualize file system provenance.
The left image shows the interactions of the “bash” node with its parent nodes
(connected by blue edges) and child nodes (connected by red edges). The right
image shows “node stack” and “context views” to provide browsing history and
location context. Adopted from [29].

line, and bar charts. Lee et al. [127] used parallel coordinates and star fields to vi-
sualize user paths and product performance. Lam et al. [101] provided users with
multiple coordinated views for statistical as well as detailed analysis of Web search
behaviors. The SDSS Log Viewer [229] was developed for identifying users’ data-
seeking behaviours from SQL query logs using time series and text visualization
techniques. TrailExplorer2 [187] used stacked bars and pie charts to discover valu-
able information from large-scale Web click-streams. The Burrito [94] tool auto-
mated the experiment organization and note taking process to help researchers to
focus on more substantive work. This tool allowed users to annotate the prove-
nance notes (text) and make queries. Wei et al. [219] introduced an interactive
clustering method to reveal user behaviour patterns from Web click-streams data.
Whereas, Shi et al. [188] focused on analyzing the dynamics of user loyalty and
defection using Web log entries.

2.4 Building Information Management and Search

Software companies particularly, CAD and BIM system development companies,
have put a huge amount of effort to provide all the possible solutions required by
the construction industry. In many cases, custom made solutions were commonly
developed to meet the special requirements of the construction domain. For exam-
ple, Asite26 is an RDBMS-based solution specifically designed for construction doc-
ument storing and retrieval. There have also been efforts to integrate information

26www.asite.com
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retrieval mechanisms to CAD systems. For example, the literature (e.g., [88]) fo-
cuses on retrieval of BIM documents using the Industry Foundation Classes (IFC)
data format. For that reason, we undertook a comprehensive survey on the CAD
and BIM software and tools commonly used in construction industries. Table 2.1
lists such software and their functionalities.

It is relevant to note that none of the CAD systems, BIM software, and the con-
struction document management systems support a large-scale document man-
agement and search cost-effectively.

Table 2.1: Key features of commercial BIM software (to continue in Table 2.2).
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Autodesk

3Ds Max Design X X X X

Design Review X

Revit MEP X X X X

Ecotect Analysis X

Green Building Studio X X

Autodesk Impression X

Navisworks Manage X X X

Autodesk Quantity Takeoff X

Revit Architecture X X

Autodesk Revit Structure X

360 BIM Glue X

Robot Structural Analysis X X

BEXL Consulting
Building Explorer X

Interactive Cost Estimating X

Intelligent Scheduling X

IES GAIA (Energy Calculation) X

Aconex Web-based BIM viewer X

CADfaster CADfaster Collaborate X

Onuma Inc Planning System X

Solibri
Model Checker X

Model Viewer X

Project Blueprint Ltd. Zero Defects X

Dassault Systemes Live Buildings X

Asite Solutions Ltd27 Asite X

Tekla
Structures X

BIMsight X

Cost Estimation X

27www.asite.com
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Table 2.2: Continued from Table 2.1.
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Bentley System

Architecture X

Structural X

Mechanical Building Systems X

Electrical System X

ConstructSim X

Navigator X

ProjectWise navigator X

Innovaya

Visual BIM X

Visual Quantity Takeoff X

Visual Estimating X

Design Estimating X

Visual 4D Simulation X

Composers for Revit X

Composers for AutoCAD X

Synchro Ltd

Synchro Professional X

Synchro Database Module X

Open Viewer X

Synchro Express X

Project Constructor X

Synchro Server X

VICO Software

3D BIM for Visualization X

3D BIM for Clash Detection X

4D BIM for Scheduling and Production Control X

5D BIM for Estimating X

Construction Management Reporting X

6D BIM Models for FM & Maintanance X

Nametschek
Graphisoft ArchiCAD X

Vectorworks X

Scia X

Gehry Technologies

Digital Project:Designer X

Digital Project:Viewer X

Gteam X

Digital Project:Extensions X

2.5 Summary

There have been numerous attempts to solve the document management and search
problem by using databases as discussed in Section 2.2.1. Documented orientated
and graph data models address the problem being faced by the relational data
model, i.e., a future-proof complex schema. Resources are needed to transfer files
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into any database. However, given the scale of files a large enterprise (e.g., Laing
O’Rourke) has to deal with, the use of databases does not appear to be a feasible
solution in terms of the resources that would be required to enter the files onto the
database.

Desktop search tools and PIM systems described in Sections 2.2.2 and 2.2.3 do
not scale well to a large-scale distributed file system search. As a result, the Infor-
mation Retrieval community developed the concept of enterprise search engine to
address the large-scale distributed file system search problem.

However, searching through a large-scale data infrastructure using an enter-
prise search engine as discussed in Section 2.2.4 has certain limitations, these relate
to and are caused by: (a) search queries often returning a long list of file displayed
as text, and (b) the search results often include false positives and false negatives.
Although query expansion techniques (e.g., [19, 97, 151]) can moderately improve
the recall, i.e, false negatives, it does not nevertheless improve the precision.

The precision can be improved by introducing improved ranking and active
learning mechanisms. The active learning has long been tried in the Web search
domain, however it is yet to be applied to enterprise search [54]. In contrast, the
active learning mechanisms applied to Web search cannot be directly applied to
enterprise search, this is due to the fact that the structure of enterprise data is dif-
ferent from the Web data. For example, ranking techniques (e.g., PageRank [157]
for anchor texts) are not effective in enterprises search [100]. The ontology based
techniques described in Section 2.2.4.1 (e.g., [235]) cannot be applied directly to file
search.

Thus no search can guarantee to find all the relevant file or how to correctly
specify the search criteria. Therefore, it is essential to improve the search time with
visualization capabilities, e.g., assisting users to identify false positives and false
negatives, improve search collaboration, and assist in formulation/reformulation.
Visualization has yet to be seriously considered to assist in enterprise search. The
Lucene-based28 enterprise search engine, Elasticsearch29 integrates Kibana30 for
basic enterprise search engine data visualization using area chart, line chart, pie
chart, bar chart, and tile map.

Treemaps [111,190] and Cushion treemaps [208] are commonly used space effi-
cient visualization tools for file systems. However, treemaps do not support docu-

28lucene.apache.org
29www.elastic.co
30www.elastic.co/guide/en/kibana/current/tutorial-visualizing.html, (date

of access: 09 Sept 2015)
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ment search. Moreover, they cannot display multivariate file system information.
Therefore how enterprise search results are displayed and their distribution in the
search space has not yet been addressed.

Search provenance and its visualization may provide an effective means for
users to formulate/reformulate queries, facilitating external memorization in a
search task that may be performed over a period of time, and by multiple users
collaboratively. Search provenance information can also help administrators to
learn from their historical searches, mistakes and good practices. The provenance
visualization techniques are discussed in Section 2.3.3. Among all the provenance
visualization techniques only a few techniques have been applied to search (e.g.,
[39, 51, 92, 127, 219, 229]), with the majority being used and focused upon improv-
ing Web marketing, advertising, and merchandising. Therefore, it is essential to
develop search provenance visualization techniques to assist users in search.
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3.1 Introduction

Large enterprises typically have diverse functional areas where different varieties
of data are generated throughout the life-cycle of a project. Throughout this life-
cycle varieties of files are generated that are owned by numerous and different
stakeholders. The files are, in the first place, stored in various storage systems,
e.g., a distributed file system and databases. Multiple stakeholders are interested
in different files. This posed a significant challenge for Laing O’Rourke, i.e., how
could you make all the information quickly searchable at the end of each building
construction project?

We have been working collaboratively with our industrial partner, Laing O’Rourke.
We have had opportunities to familiarize ourselves with their existing document
management systems, the distributed file system, and repositories used by dif-
ferent groups across their organization. We identified their requirements, the use
cases, and the technical challenges of the system. The construction industry has
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a large number of stakeholders (e.g., clients, architects, suppliers, local govern-
ments, transport authorities) and many teams within each construction enterprise.
Therefore the need to quickly locate relevant files in this ocean of files is essential.
Navigating through directories, and ever expanding and collapsing hierarchies of
folders is not an efficient way to access stored documents.

3.2 Enterprise Data Management and Search

In order to develop a cost effective solution to support search over all the files
stored in the distributed file system of an enterprise, we considered three main
strategies, namely: (1) A Database, (2) An Enterprise Search Engine, and (3) A Visualization-
assisted Enterprise Search Engine. As part of the overall evaluation of these three
strategies, Figure 3.1, this research project was formulated to study the feasibility
of these strategies.

3.2.1 Database

A traditional method of managing data is to use a database management system.
This strategy requires each building project to maintain a high-quality database of
all documents, from which a collection of the required files can easily be found
upon the conclusion of a project. However, not every data management and anal-
ysis problem can be best solved using a database. Although we can classify data,
trawling through hundreds or thousands of categories and subcategories of data is
no longer an efficient method for searching for information. Over time, the amount
of data available has become so vast that an alternate, more dynamic way of find-
ing information is needed.

The main challenges of the database-based approach are: (i) the commitments
of data archivists for each project, and the risk of a single-point of failure within
each project, (ii) developing a database schema that is scalable to future changes,
and finally, and most importantly, (iii) a significant cost and expense is involved in
entering the high volume of files to a database.

In database strategy, the primary tasks may include:

• Each construction project should have one or more administrators employed
locally. An administrator regularly captures and stores the files generated by
the project through in a distributed file system.
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Figure 3.1: The three different strategies considered are illustrated in this figure.
(1) In Database the task may include capture and storage in a file system, to en-
ter files into a database, search in the database, and finally package and delivery.
(2) In Enterprise Search Engine the task of recording each file in a database is elimi-
nated and here the file search over a distributed file system is through an enterprise
search engine. (3) In Visualization-assisted Enterprise Search Engine the search using
the enterprise search engine is supported by visualization capabilities.

• An administrator enter each file details to a database to make them quickly
and accurately searchable at the end of the construction project or whenever
needed.

• At the end of the construction project, a local administrator can search in the
database for the files relevant to the customer of that particular project.

• Finally, the organization should have a central team of administrators. The
project relevant files are quality checked, packaged, and delivered to the cus-
tomer by the central administrators.
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3.2.2 Enterprise Search Engine

In an enterprise search engine strategy the primary tasks may include:

• Each construction project should have one or more administrators employed
locally. An administrator regularly captures and stores the files generated by
the project in a distributed file system.

• At the end of the project the central administrators can search for the files
that are stored in the distributed file system with all the relevant information
or file attributes.

• Finally, the project relevant files are quality checked, packaged, and delivered
to the customer by the central administrators.

Unlike a database-based search, the search results in an enterprise search en-
gine are not consistent and it has some major problems.
Problem I: Multivariate Information. The first challenge of the enterprise search
engine is to deal with multivariate search results, which are typically presented in a
list or tabular view accompanied by a sorting mechanism. Viewing a textual list of
search results has a major shortcoming. It is difficult for a viewer to build a mental
model about where these files are, and how they related to each other. Although
we can sort files based on a file attribute, it is difficult to sort multiple variables. For
example, when we are looking for files meeting more than one criteria it is difficult
to sort them based on multiple criteria (e.g., file types, size, date, time, user, etc.).
Problem II: Search Quality. The second major challenge of the enterprise search
engine is to deal with false positives and false negatives during the search process.
Given a set of search criteria, a search engine executes a query, returning a set of
results. Among these results, there are: True Positives – The files which have met
the search criteria, and are also among those required by the user. False Positives –
The files which have met the search criteria, but are not among those required by
the user.

Meanwhile, among the vast number of files not returned by the search engine,
there are: True Negatives – The files which have not met the search criteria, and are
not among those required by the user. False Negative – The files which have not
met the search criteria, but are actually among those required by the user.

Traditional representation of search results, a list or tabular view, does not show
the search context. For example, the search context may include the information
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about search space such as file system structure, number of files, location of the
files, and so on.

Without such contextual information it is difficult for a viewer to build a mental
model about whether there are false negatives and what search criteria may reveal
them.

Problem III: Search Collaboration. The third challenge of the enterprise search
engine is that it does not support search collaboration. In an industrial-scale search
scenario where thousands of files to be found, a search task may continue for many
days and may require collaborative team effort. Using a conventional enterprise
search engine without provenance capture, retrieval, and visualization, collabora-
tor will encounter difficulties.

For example, in a collaborative search scenario, an administrator (a) may search
for few days. In the following week few more administrators (b and c) may join
or take over. At the end another administrator (d) may do final quality check.
When the search engine returns hundreds or thousands of files, it is difficult for
the administrators to judge what may have been seen before. It is difficult for
the administrators to pick up search activities after a weekend or from another
colleague.

3.2.3 Visualization-assisted Enterprise Search Engine

The challenges with enterprise search engines have lead us to propose improve-
ments by utilizing both machine and human capabilities, thereby assisting enter-
prise search with visualization capabilities. As part of the feasibility study we
have developed an enterprise search engine and a search interface assisted by vi-
sualization capabilities, enabling the experimentation with visualization facilities
that could not be done with a general purpose search system.

3.2.3.1 Why Visualization?

I. Multivariate Information. There are four main techniques to visualize mul-
tivariate information (as described in Section 2.3.2). Tables and scatter plots are
suitable for small number of data dimensions. As parallel coordinates are difficult
to learn and take much higher resolution, therefore we considered glyphs to be a
desirable option. The glyph representation of the individual file attributes can en-
able users to quickly identify the relevant files. For example, given a list of search
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results a user can quickly identify the files based on a combination of file attributes
(e.g., file types, size, date, or time) displayed using glyphs.

II. Search Context. In an industrial-scale search, contextual information about the
search space can help administrators to identify and pick out true positives quickly
among false positives. For example, displaying the distribution of the search results
in relation to the file system layout can intuitively convey the information about
the search quality. This can enable administrators to identify false positives based
on spatial awareness as well as the glyph representations of the files returned by
the search.

In addition, the visual representation can also stimulate hypotheses of false neg-
atives. For example, an administrator may expect certain files from a certain region.
When a set of search criteria does not reveal those files, this indicates the presence
of potential false negatives. Similarly, when the administrator notices certain files
from a region that is related to a different project and should not be present in the
search results these files are considered to be potential false positives.

The combined focus (glyph representation of files) and context (visual repre-
sentation of the files system) can help user to understand (a) the overall context of
the search result (‘where in the information space is the result?’) and (b) multivari-
ate attributes of each search result (‘what are the file types? how accurate is this
result?’).

III. Search Provenance. In order to enable such tasks to be performed efficiently
and effectively, it is necessary for team members to access and share the search
provenance information. Search provenance information may include the histor-
ical and ongoing activities related to a search task. Traditionally provenance in-
formations are captured in a text. When a search process continues for days, it is
difficult to interpret such a large number of provenance records using a text-based
representation.

In addition, in an industrial scale search setting when multiple administrators
collaborate together, the provenance records may become more complex. For ex-
ample, an administrator may be interested in knowing his/her previous search
criteria, or the overlap with other administrators. For such complex provenance
records, visualization can provide an enabling tool for users to observe provenance
information at a glance [36], improving the cost-effectiveness in collaborative search
tasks, especially in an industrial setting. Such provenance information can poten-
tially be used to identify and highlight false positives, i.e., the irrelevant files that
are appearing in search criteria repeatedly.
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For an observational task [46] such as file search, visualization can help a viewer
obtain an overview quickly, and can provide a viewer with external memorization
compensating for the rather limited working memory of a human. By reducing the
time and cognitive load required for building a mental model and memorization,
a viewer can devote more time and cognitive load to thinking (e.g., reasoning false
positives and hypothesizing false negatives) [45].

3.3 System Overview

In order to provide immediate responses to the search queries, it is necessary to
crawl the distributed files system and to maintain an index of the files which can
be searched quickly. In order to support query enrichment based on semantics
and ranking of the search results ontologies are needed. Although ontologies can
be improved manually, automatic learning of the ontologies using the users’ rel-
evance judgement information is essential. In order to provide an interactive vi-
sual search, and an identification of false positives and false negatives we need a
focus+context view of the search results and search space. The search space infor-
mation can also be stored in the index. In order to visualize false positives and
to support search collaboration we needed a provenance management and prove-
nance visualization facility. The ontologies can support the provenance manage-
ment facility.

In this work, we have designed and prototyped a visualization-assisted enter-
prise search engine (VAESE). The VAESE has an enterprise search engine running
as a server and a Web-based Search Interface. The enterprise search engine consists
of a collection of functional modules, which reside between the Search Interface and
the distributed file system. These modules provide a real-time service to the Search
Interface, see Figure 3.2. The Search Interface is integrated with multiple visualiza-
tion facilities (see Figure 3.3) to assist users during search. The visualization capa-
bilities are closely integrated with the search engine components. We, hereby, give
an overview of a search process using a flowchart, see Figure 3.4. In this flowchart
we only describe the main modules and the key components of each module. We
also describe the interfaces handling the information exchanges between the en-
terprise search engine and the Search Interface in JSON data format.
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Figure 3.2: The modules of the enterprise search engine.

The main visual and interactive features of the interface were implemented us-
ing AngularJS 1 and the D3.js library [30]. The search engine modules were imple-
mented in C++. The interface between the search engine and the Web application
is implemented in Node.js 2.

3.3.1 Search Query Form

User initiates a search process by formulating a search criteria using a Search
Query Form, see Figure 3.4 (A). A search query is composed of one or a few key-
words and/or some constraints of file attributes, such as type, size and date. For
example, the search criteria formulated here is to look for files related to “building
material” of type “CAD”, “Document”, and “Spreadsheet”, size between 1KB to
200MB, and created during 7th June 2012 to 19th December 2014.

Once the user formulates a search criteria and submits it, the SearchQuery

interface makes a http request to the search engine. The http request is served by
the Query Processing module of the search engine.

1angularjs.org
2nodejs.org
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Figure 3.3: Top window: an example screenshot of the search interface, which is
designed to be used with two computer displays. The components shown in the
first display are (1) the search query form, (2) the tabular view of search results, (3)
the graph view of SPG illustrating how the user (focus) collaborated with others,
(4) the collaboration summary view, illustrates the similarity between the search
queries performed by the administrators, (5) glyph-based view, uses multivariate
glyphs for search queries and search results which are shown above and below
the central line respectively, and (6) are the dialogs for showing the queries and
the late-discovered files. Bottom window: the component shown in the second
display is a treemap visualization of a file system and the search results encoded
in multivariate glyphs.
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Figure 3.4: A flowchart of the VAESE system illustrating a typical search process
and the visualization of the search results and provenance.
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3.3.2 Query Processing

This module improves a seed query to increase the quality of the retrieval of the
search results. The files and folders created during each project may have a dif-
ferent name convention, errors in file naming and placement are also expected.
Therefore, improving the search criteria in order to be able to retrieve all the rele-
vant documents is necessary. This includes, fixing spelling errors in user-entered
terms and stemming (e.g., “building” to “build”) each term in the search query to
match files named with various morphological forms. It is also desirable to derive
a set of extended search criteria, e.g., closely-related terms and similar file types to
widen the search space. For example, for the search term “building”, it is often de-
sirable to search for “construction”, “manufacture”, etc. and the file type “CAD”
should include file types, e.g., “3dm”, “3ds”, “mdx” and so on.

The Query Processing module takes a search query as an input and gives an
expanded search criteria as an output. At first, the ProcessQuery component
parses the query and derives a set of search criteria: keywords or terms and dif-
ferent field constraints to be used as a filtration conditions. For each derived term
from the original query, the ProcessTerm component invokes the ExpandTerm
component to enrich the search criteria. The ExpandTerm component invokes the
Ontology Management module to search for similar terms or terms with other
morphological forms. For each original term the Ontology Management module
returns a knowledge spanning tree containing the extended terms in a hierarchical
structure. The ProcessTerm component manages the knowledge spanning tree
derived for each original term, which is later used by other modules, e.g., during
ranking and active learning. The detailed description of the query expansion tech-
nique can be found in Section 4.4.2. Finally, the expanded search criteria is passed
to the Result Processing module.

3.3.3 Result Processing

Search results often consist of a long and lengthy list of files, it is therefore neces-
sary to eliminate the files based on any constraints defined in the search criteria. It
is also necessary to assign a score to each file based on their expected relevancy to
assist in this process.

The Result Processing module takes an expanded search criteria as an input
and returns to the Search Interface a list of relevant results ranked according to their
relevance. Initially, for each of the expanded search terms stored in the knowledge
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spanning trees, the SearchInIndex component searches for the relevant files us-
ing the Index Management module. Once all the relevant files are retrieved they
are passed to the Filter component. The Filter component filters the results
based on the constraints defined in the search criteria. Thereafter, the filtered re-
sults are scored for each file attribute (e.g., name or keyword, type, size, date) using
the knowledge stored in the corresponding Ontologies and the knowledge span-
ning trees. Finally, the AggregateRank component computes the final relevance
score combining the scores for each field. The detailed description of the ranking
process can be found in Section 4.4.3. The search results along with their relevance
rank are returned to the Search Interface.

3.3.4 Search Result Visualization

The Search Interface first displays the results in a Tabular View sorted in descending
order according to their relevance rank, see Figure 3.4 (B).

However, the downsides of a list or tabular view is the lack of contextual in-
formation. Therefore, we have developed a Treemap View to visualize the search
results, this can offer a cost-effective means of showing the contextual information
for a set of search results.

In this visualization, the Search Space (context) is visualized using a treemap and
the search results (focus) are overlaid on top of the treemap. When the Search Inter-
face loads in the Web-browser, the RefreshTreemap interface fetches the Search
Space information stored in the Index. Each search result is encoded as a multi-
variate file system glyph and overlaid on top of the treemap, see Figure 3.4 (C). If
there are already exiting glyphs from the previous search they are flushed away
and new glyphs are drawn. This visualization can support quick Visual Search,
identification of false positives, and false negatives. The details of this visualization
work can be found in Chapter 5.

The user can scroll or navigate through the results displayed in the Tabular
View as well as in the Treemap View. The user can select the relevant files, review
the list of selected files, and finally save the relevant files as a portfolio. When
the user saves the selected files as a portfolio, the RelavanceFeedback inter-
face sends this information (e.g., the query, the search results, and the selected file
information) to the search engine. This information is processed by the Active
Learning module of the search engine. The same information is also stored in a
SPG Database.
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3.3.5 Ontology Management

Ontologies are used to provide the knowledge-based support of the search engine
modules. The system is equipped with multiple ontologies, including a Term On-
tology, a Type Ontology, a Size Ontology, and a Date-time Ontology. For example, the
Type Ontology stores the basic terms in English (including abbreviations) and the
weighted relationship between them. The Type Ontology captures the relationship
between categories of file types and terms in English. The details of the ontologies
are presented in Section 4.4.1.

Ontologies are used by the Query Processing module to expand a set of search
criteria specified by a user. Given one or a number of input terms in the original
query, the FindNeighbours component first locates the corresponding source
nodes in the Term Ontology. Starting from each source node, it activates a recursive
sequence for determining a Knowledge Spanning Tree, connecting all nodes with an
appropriate weight, and reaching out to all its destination nodes. The ontologies
are automatically improved through an Active Learning module. After each ac-
tive learning process, the UpdateNeighbours component receives the updated
weights and writes it back in the ontologies.

The ontologies can also be manually improved by a relevance engineer or on-
tology manager who is knowledgeable on the enterprise domain and data using a
graphical user interface. The relevance engineer would identify new concepts and
the relationships that are relevant to the search and update them in the ontologies.

3.3.6 Active Learning

However, manually tuning the weights of the Ontologies is a very tedious, time
consuming and thus an expensive task. Therefore, the search engine implements
a semi-supervised learning algorithm able to actively utilize the user interactions,
i.e., the users’ actions of selecting files to improve the weights of the connections
in the Ontologies. Thereby, the search engine learns to improve iteratively by
utilizing the user’s relevance judgement information.

The Active Learning module processes relevance feedback information (i.e.,
true positives) which serve for the automated improvement of the ontologies. At
first, CalculateRFI computes a Relevance Feedback Index (RFI), see Section
4.4.4. Thereafter, the CalculateWeights component increases or decreases the
weights along the connections of the ontologies based on the RFI values, see Sec-
tion 4.4.5. Finally, the NormalizeWeights component normalizes the weights
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between [0, 1] by preserving the average weight equal to 0.5, see Section 4.4.6. The
Ontology Management module updates the computed weights in the Ontologies.

3.3.7 Index Management

In a large engineering enterprise, a significant volume of files are generated, this
can potentially be in the scale of billions, and these are typically stored in a file sys-
tem distributed across many offices located in different regions across the globe.
Due to the size and the distributed nature of the file system, scanning the entire
file system in real-time at an interactive speed is not feasible. The search engine
gathers the information about the files and folders of the Distributed File System
during the Crawl process and then creates an Index. Much like the index in the
back of a book, the search engine index includes information about files and fold-
ers names (keywords) and their locations. During search, the search engine looks
up search terms in the Index to find the information regarding the relevant files at
an interactive speed. Nevertheless, to optimize the scalability of the Index, if re-
quired, it can only store the information about the files and folders that have been
and may potentially be related to the recent search queries.

The Index Management module supports the Result Processing module to
discover search results in real-time. The SearchTerm and SearchSpace com-
ponents assist in the search process, and the AddFile and DeleteFile compo-
nents assist in Index maintenance. Based on the information received from the
Crawler, the AddFile and DeleteFile components add or delete entries in the
Index. The AddFile component collects, scans, and parses the metadata of the
files fetched by the Crawler and creates a data structure which can be searched
quickly. At first, it analyzes each parsed word to remove stop words, or to normal-
ize the words. This stage optimizes the parsed result. Following this it creates a
data structure of inverted indexes. Details of the data structures and the algorithms
used to create and update the Index are described in Appendix A.

Given a term, the SearchTerm component looks for the relevant files in the
Index. The entire Search Space information is also computed based on the entries
present in the Index, which is used by the Treemap View to draw the search space.
Whenever, the Index is updated the SearchSpace component generates an event
notifying the Web browser for the updating of the treemap. The same notification
event is also sent to the SPG Management module.
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3.3.8 Crawler

A Crawler is a set of agents that scan through the distributed file system in an au-
tonomous manner and at predefined scheduled intervals. It fetches the informa-
tion related to files and folders of the Distributed File System for later processing
by a search engine, that will Index the information to provide fast searches. More-
over, in an enterprise, the update, deletion, or creation of new files occurs very
frequently, therefore, the Crawler keeps the Index up-to-date.

The Scheduler component performs a time-based job scheduling of the Crawl
component based on a configuration file and the GNU/Linux utility “Cron”. The
Crawl component fetches all the information such as when it discovers a new file,
or a modification/deletion of an already indexed file. In instances of a very large
search space, the crawled information can be limited to queries potentially related
to future search (similar to anticipatory fetch). This component determines if an
existing entry has to be deleted or a new entry has to be added and, accordingly, in-
vokes the maintenance component of the Index Management module which takes
care of the actual Index update task.

3.3.9 SPG Management

Provenance information can assist users to explore search criteria and to reformu-
late search queries progressively by observing and learning from successes and
errors in their earlier search results. Moreover, in an enterprise, the users’ goal is
to work efficiently in collaboration with others to find all the required files for a
project using the fewest possible number of queries. When a search process takes
a few days and/or involves more than one user, visualization support for search
provenance is useful.

The SPG Management module processes and maintains the SPG (Search Prove-
nance Graph) related information (e.g., the queries performed, the search results
received, and the selected file information) in a SPG Database. It also provides
provenance data to the provenance visualization facility. The details of the SPG
can be found in Chapter 6.

When the UpdateSPG component receives the relevance feedback information
from the User Interface, it first fetches all the related queries performed earlier by
the ReadSPG component. Thereafter, the ComputeSimilarity component uses
the semantic information stored in the Term Ontology to compute the similarity
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between the current query and the past queries. Finally, the information is updated
in the SPG Database.

Whenever this module receives an Index update event from the Index Manage-
ment module, it looks for and notifies the user about newly discovered files related
to their previous searches. In order to find the newly discovered files, it searches
for all the queries related to the ongoing project performed earlier with the new
Index. It then notifies the Web-browser through the RefreshLateDiscovery

interface.

3.3.10 Search Provenance Visualization

The SPG information received from the SPG Management module is processed by
the RefreshSPG interface to visualize it using three provenance views: a Graph
View, a Glyph-based View, and a Collaboration Summary View.

The Graph View shows a subgraph of the SPG in a graph view, see Figure 3.4
(D). Each search query is mapped to a node (dot) of the graph and shown as a dot
with different colour coding for different users. Each dot is positioned primarily
according to the time when the search event took place. In the central line, we
show the focus nodes, i.e, the user performing the search and the other nodes
(users working on the same project) are shown above as well as below the central
line. A link shows the relationship between two nodes.

The Glyph-based View shows a set of queries selected in the Graph View us-
ing multivariate glyphs, see Figure 3.4 (E). This view shows some of the basic infor-
mation needed that may aid in the assessment of the effectiveness of a query, and
assist in better query reformulation. Such information includes (i) how many files
were returned by the current query concerned, (ii) how many are common with the
previous query, (iii) how many files returned by the previous query are no longer in
this query, (iv) how many selected files (i.e., true positives) are amongst each of the
above categories of files, and (v) how many files have been returned many times
but never selected (likely to be false positives).

The Collaboration Summary View visualizes the degree of similarity between
the searches performed by the users working collaboratively, see Figure 3.4 (F). It
shows how their queries relate to each other, the explicit and implicit connections
are visualized using different colour coding. Explicit connections indicate that the
users formulated queries are based on each other, i.e., collaborated well with each
other. On the other hand, the degree of implicit connections (system computed
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similarity) will indicate repeated searches and thus suggesting that collaboration
can be improved.

When the RefreshLateDiscovery interface receives any information about
newly discovered files, it creates an entry in the Late Discoveries Dialog in the
Search Interface, see Figure 3.4 (G). At this point, if required, the user can perform
the queries again to retrieve those newly discovered files. A detailed description
of SPG and the provenance visualizations can be found in Chapter 6.

3.4 Business Cost Estimation

In this section we attempt to estimate the average cost involved in performing
differing and relevant tasks using the the database, enterprise search engine, and
VAESE. The cost estimation was undertaken with the help of experts from Laing
O’Rourke and it is based on statistical summary data of several previous and/or
ongoing projects and the experts day-to-day experience in handling file manage-
ment and search.

The cost estimation presented here is a typical business cost estimation which
is done by taking averages over a period of time, e.g., the average of how many
files were generated, how many files were stored in the distributed file system,
how many files were entered in the database, how many files were searched and
delivered to the customer, and so on. It is not a measurement of a single task or a
button pressing exercise where a task is performed by pressing a button to indicate
users response. For example, if a file can be entered or stored by simply pressing
a button it may only take 15 seconds or a keyword-based database entry for 15-20
keywords by simply filling a form which may take 3-5 minutes or less.

3.4.1 Project Value

To help us estimate the cost, our industrial partner, Laing O’Rourke, provided us
with statistics with regards to several example projects. These statistics regarding
three example projects are presented in Table 3.1.

• Education Building Project — In this £54-million project, a total of 100,047 files
were collected on the server. 8,677 files (8.7%) were recorded in a database,
and 91,370 files were stored in a file system. 4 files were issued to the client
based on database search.
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Table 3.1: Statistics of three Laing O’Rourke Projects– files captured and stored in
distributed file system, files recorded in RDBMS, and the number of files issued to
the customer. [Source: Laing O’Rourke]

Project Office Building
(£250m)

Education Build-
ing (£54m)

Large Infrastruc-
ture (£200m)

Total files generated 591,906 100,047 461,711
Files stored in file-system 546,906 91,370 446,173
Files stored in database 45,000 8677 15,538
Files issued to client 6566 4 2626

• Large Infrastructure Project — In this £200-million project, a total of 461,711
files were collected on the server. 15,538 files (3.4%) were recorded in a
database, and 446,173 files were stored in a file system. 2,626 files were is-
sued to the client based on a database search.

• Office Building Project — In this £250-million project, a total of 591,906 files
were collected on the server. Out of them only 45,000 files (7.6%) were recorded
in a database, and 546,906 files were stored in a file system. 6,566 files were
issued to the client based on database search.

Less than 10% files are stored and hence searchable through databases and the
rest are archived in distributed file systems.

Now we estimate the average time needed by an administrator to perform each
tasks while considering a database, an enterprise search engine and a VAESE. It
is to be noted that the administrators time is also spent on database, file system,
network, and other related administration and maintenance activities. Adminis-
trators also need to spend their time on other official activities, e.g., training, meet-
ings, discussions, appraisals, breaks, refreshments, responding to emails and so
on.
Enter a record in the database. This is the estimated time to enter a file’s records
into a database table. The primary tasks involved are: (a) Extracting relevant infor-
mation from a file’s metadata, content, project details, customer details and so on.
(b) Entering the relevant information of the file in a database. Based on the statis-
tics about the three building projects, let us consider a scenario where 6.5% files
(as the average of the three projects) are to be stored in a database. We consider a
modest project where total 100,000 files are generated over a period of 2 years and
6,500 files (6.5%) are recorded in a database, i.e., 3,250 files per year. Assume that
there is one administrator who is working fulltime for recording these files into a
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database. When these tasks are spread over a year it is about 40 minutes per task.
As discussed before this includes overheads of a typical employee who as the file
administrator. If all 100,000 files needed to be recorded in the database, we would
need 15 administrators.

Capture and store a file. This is the estimated time required to capture and store a
file in a distributed file system. The main tasks involved are: (a) Digital scanning
of a file (if it was received in a hard copy), (b) Scanning of the contents or metadata
of the file; it may take more time to open and scan a large file (e.g., a CAD file)
than a small document. (c) Placing the file in an appropriate folder or sub-folder
(if a folder or sub-folder does not exist then it should be created first). (d) Avoiding
storing duplicates, or taking care of the multiple version naming. Assuming that
20 different fields (e.g., metadata, project details, client details, file access controls,
etc.) to be addressed, we estimate that it will take 10 minutes to perform this task.

Local search of a record in a database. As the files are recorded in the database
with all the relevant information or fields, the search results are accurate. There-
fore, the required search time is mainly the time required to populate the search
form, which is estimated to be 2 minutes.

Centralized search using a search engine. Searching for a relevant file stored in
a large file repository using a search engine is a time consuming task. It is also a
time consuming task to deal with the false positives and false negatives. Search
results are presented as text in a list or tabular view ideally 10-15 results per page
and a user often scans through 1-2 pages. We estimate the time to scan 10-15 search
results and to identify a relevant file to be 15 minute.

Centralized search using a visualization assisted search engine. Visualization
assisted search can reduce the work load particularly in dealing with the false pos-
itives and false negatives. Moreover, some of the additional overhead time due
to work leave can be avoided by improved collaboration among the administrator
supported by provenance visualization. We estimate that the time can be reduced
by around 50%, i.e., 8 minutes per file.

Packaging. A constant amount of time is required to create manuals or disks with
the deliverable, and for final quality checking of the deliverables. We estimate the
time could be 2 minutes per file.
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Table 3.2: Statistics for life-cycle of files costs in person-days (8 person-hours per
person-day). [Source: Laing O’Rourke]

Project Office Building
(£250m)

Education Build-
ing (£54m)

Large Infrastruc-
ture (£200m)

Database 61,712 10,422 48,117
Enterprise search engine 12,564 2084 9712
Visualization-assisted en-
terprise search engine

12,468 2084 9674

Table 3.3: Search-only cost in person-days (8 person-hours per person-day): local
search in database, centralized search using enterprise search engine, and central-
ized search using visualization-assisted enterprise search engine. [Source: Laing
O’Rourke]

Project Office Building
(£250m)

Education Build-
ing (£54m)

Large Infrastruc-
ture (£200m)

Database 27.36 0.02 10.94
Enterprise search engine 205.19 0.13 82.06
Visualization-assisted en-
terprise search engine

109.43 0.07 43.77

3.4.2 Life-cycle Cost

Using the Office Building Project, if entering a file record into a database takes 40
minutes on average, entering 45,000 files would have taken 30,000 person-hours or
3,750 person-days. If all 591,906 files had to be recorded in the database, it would
take nearly 49,325 person-days. Table 3.2 presents the statistics for life-cycle costs.
The cost for the database includes capture and storing in the file system, record-
ing files in the database, local search in the database and, packaging. The cost
for enterprise search engine includes capture and store in the file system, central-
ized search with the enterprise search engine, and packaging. Finally for VAESE
includes capture and store in the file system, centralized search with the visualiza-
tion supported enterprise search engine, and packaging.

3.4.3 Search Cost

The Office Building Project is used as an example. With a database, if one takes
2 minutes on average to find a file in the database to be issued to a client, 6,566
files would take about 219 person-hours or about 27 person-days. If one takes 15
minutes on average to find a file using a search engine, 6,566 files would take about
1,642 person-hours or about 205 person-days. If one takes 8 minutes on average to
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find a file using a VAESE, 6,566 files would take about 875 person-hours or about
109 person-days. See the Table 3.3 for the statistics concerning other projects.

3.5 Summary

In this chapter, we first discussed three alternative solutions: databases, enterprise
search engines, and Visualization-assisted enterprise search engine for enterprise
data management and search. Thereafter, we presented an overview of the pro-
posed VAESE system: the search engine modules, the user interface, and the visu-
alization components.

We described a business costs estimation which was done in collaboration with
our industrial partner. When considering the whole life-cycle of files, the benefit in
terms of the possible time savings would be about 1-2% in comparison with search
without visualization. However, when considering search effort only, visualization
assisted search is expected to save some 30-50% of time in comparison to search
without visualization. Therefore for a large construction enterprise, such a savings
would not be trivial, particularly when it is translated into a monetary term.

It is thus highly desirable to use visualization-assisted enterprise search to re-
duce the costs involved. Visualization assisted search can reduce the work load
particularly in dealing with the false positives and false negatives. Moreover, some
of the additional overhead time due to workers on leave can be avoided by im-
proved collaboration amongst the administrator supported by provenance visual-
ization. All these suggest that databases may not be a winning strategy, though
enterprise search engines also has shortcomings which can be improved by visu-
alization capabilities.
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4.1 Introduction

In a large enterprise, there is typically a large volume of files distributed across
different servers, network storages, and individual workstations. Although files
may be organized one way or another, it is usually very difficult to have a protocol
that can ensure all files are consistently named, all folders are properly placed,
all duplications are avoided, all versions are precisely labelled, and all users who
create, modify and read files follow the protocol to the letter. Hence, activities for
search files are unavoidable, and in many cases there is no alternative that is more
cost effective.

This work was motivated by a need in the construction industry for maintain-
ing a large collection of files during each building project and for identifying a sub-
set of these files for reporting purposes at the end of each project. As each building
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project involves many stakeholders with different working practices, collecting all
files from different stakeholders is one thing, but identifying a meaningful subset is
a huge challenge. Effort has been made to deliver a solution using a database man-
agement system. This solution, however, suffers from a number of shortcomings,
e.g., difficulties in implementing it across different stakeholders, costs of having
numerous file administrators, and risk of single-point failure (the file administra-
tor) in each project. Therefore, the use of computer-supported search provides a
cost-effective mechanism for identifying a subset of files at the end of each project
as long as all related files are stored. Although this work was motivated by such
a specific need, the general need for enterprise-based file management is not un-
common. Hence, the approach that we employed to address such a need can po-
tentially be deployed in many applications.

Numerous open source enterprise search engines (e.g., Solr1, Elastic-Search2,
Xapian3, LucidWorks4, Terrier 5 and so on) were developed for text-based docu-
ment retrieval, among many of them are based on Lucene6 or Indri7. Lucene is a
library providing a scalable index management facility [98]. Although the exact
methods of commercial systems are unpublished, it is likely they use techniques
similar to Lucene and Indri.

In the context of the industrial application, one major limitation of such enter-
prise search engines is that the document relevance in such content-based search is
commonly measured with respect to some query (a set of keywords), and with the
document treated as a bag-of-words [136]. In an enterprise, most of the files have
a limited amount of textual data (e.g., spreadsheets, CAD, media, archive, images
of building designs or construction sites, scanned copy of invoices and receipts,
proprietary formats, etc.). Therefore, providing an improved retrieval mechanism
based on metadata fields is essential [203].

In this chapter, we have developed a specialized enterprise search engine for
supporting routine search operations to be performed by a team of administrators
experienced in identifying relevant files in the reporting phase of projects. The
system features a number of facilities, including an index, several dynamically

1 lucene.apache.org/solr
2 www.elastic.co
3 xapian.org
4 lucidworks.com
5 terrier.org
6 lucene.apache.org
7 www.lemurproject.org/indri
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learned ontologies, and crawler agents. We mainly focus on the information re-
trieval components of the search engine, and present the ontology-based semantic
support for the query expansion, ranking, and active learning. As it is not always
easy for users to define search criteria accurately within one or a few attempts, it
is necessary for the system to provide the following supports:

(a) It is necessary to maintain an index, which can provide immediate responses
to the users’ query in an interactive fashion, and support collaborative search
activities by multiple users.

(b) It is necessary to complement (a) by using crawler agents to search beyond the
index, and report to the users concerned as soon as any new file discovery is
made. Together (a) and (b) enable the search activities scalable to a very large
distributed file system.

(c) It is necessary to improve the basic search criteria using the knowledge cap-
tured in the previous search activities. Such knowledge can be captured and
stored in multiple ontologies, and can be used to expand a query which is par-
ticularly useful when different keywords are used to describe the same concept
in the documents and in the queries and to prioritize search results, thereby
improving the recall.

(d) It is necessary to help users to identify false positives quickly through an ef-
fective visual interface and users’ feedback about the true and false positives
become part of the active learning process for updating ontologies dynami-
cally as manually building such ontologies is a tedious and time consuming
task. Active learning of the ontologies improves the relevance ranking of the
search results over time. In addition to that the ontologies can also be tuned
manually.

4.2 Related Work

4.2.1 Enterprise and Desktop Search

Recently there has been extensive reports on improving file search on desktops,
e.g, Microsoft Windows Desktop Search, Google Desktop, Apple MAC OSX Spot-
light, Zeitgeist on Ubuntu GNU/Linux. Keyword-based search for the discovery
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of software has been proposed in [61,158,159]. Open source systems e.g., Lucene8,
Indri9, and Xapian10 were developed for text-based document retrieval.

Personal Information Management (PIM) tools, e.g., SEMEX [35] and Haystack
[114] allows users to organize their data semantically by creating associations be-
tween files and then leveraging these associations during search. iMeMex Data
Model (iDM) [62] was proposed to represent unstructured, semi-structured as well
as structured data inside a single model. Xu et al. [226] proposed a generic data
model to capture and represent file semantics. Khoo et al. [120] reported that desk-
top users tended to prefer metadata, e.g., location, directories, dates, and names
over keyword-based search. Teevan et al. [199] investigated the users’ behavior
when searching for e-mails, files, and the web. The latest work on PIM [211] im-
plemented a multidimensional search approach that allows users to perform fuzzy
searches for structure and metadata conditions in addition to keyword conditions.

The straightforward combination of field-level scores presented in works, e.g.,
[155] have several limitations, leading to efforts such as BM25F [174]. Phlat [55,74]
developed an intuitive search interface to search files. Shah et al. [186] improved
the quality of search by introducing the search context. Thomas [201] treated
desktop search as meta-search problem for effective retrieval of individual collec-
tions. An adaptation of score combination and a smoothing method was suggested
by [234] for the language modelling approach to information retrieval. Cohen et
al. [54] improved the desktop search results by learning feature weights with train-
ing data.

4.2.2 Ontology-based Retrieval

Ontologies stores concepts and instances, along with their relations and proper-
ties as a knowledge-base [106]. Beagle++ [52] was developed for semantic desk-
top search. The ranking of documents according to an ontology was reported
in [20, 41, 123]. Mylonas et al. [150] proposed a personalized information retrieval
based on context and ontological knowledge. Vallet et al. used [207] ontologies and
vector-space model to improve search over large document repositories. Other
work on file systems, e.g., [44, 95] enhanced the quality of file system search by
leveraging the context of the search space. Castell et al. [41] proposed a retrieval

8lucene.apache.org
9www.lemurproject.org/indri

10xapian.org
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model based on an adaptation of the classic vector-space model, including an an-
notation weighting algorithm, and a ranking algorithm. Fernandez et al. [81] pro-
posed an ontology-based information retrieval model to support semantic search
in a Web environment. ReFinder [59] is a context-based information re-finding
system which assists users in re-finding their previously accessed files and web
pages. A knowledge-based framework for integrating ontology-based personal-
ized retrieval and reminiscence support was proposed in [189].

Leite & Ricarte [129] proposed multiple related ontologies for knowledge rep-
resentation and integrated the system with a fuzzy model. A multi-ontology based
multimedia annotation model was described in [65]. Vaidurya [144] is a document
search system developed for clinical document search by using a domain specific
ontology. A semantic ontology-based framework for personal information man-
agement was proposed in [225]. Query expansion techniques using ontologies can
be found in [19, 60, 151].

4.2.3 Ontology Learning

Ontology learning techniques have been widely studied. A comprehensive review
and discussion of major issues, challenges, and opportunities in ontology learn-
ing can be found in Zhou’s survey [235]. Ichise et al. [108] proposed a framework
for organizing the ontology mapping problem into a standard machine learning
framework. This framework uses multiple concept-similarity measures. Maryam
et al. [139] described the bottleneck of ontology learning while dealing with the
knowledge acquisition and modelling domain knowledge. They presented a sur-
vey of the different approaches in ontology learning from semi-structured and
unstructured data. Idrissi et al. [77] proposed a solution to overcome the man-
ual knowledge acquisition bottleneck in ontology learning. They also presented a
practical study of the methods that take data models as input to the learning pro-
cess. Zhang et al. [230] proposed a semantic retrieval model of engineering domain
knowledge, e.g., product design and process planning. They addressed the prob-
lems with existing keyword-based and semantic-enabled methods, and proposed
an ontology-based semantic retrieval scheme for knowledge search and retrieval
from domain documents.

The literature mainly focuses on content based retrieval, however, in an en-
terprise, most of the files are non textual (e.g., CAD, archive, audio, video, im-
age, some proprietary formats, etc.). For that reason an improved metadata-based
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Figure 4.1: The architecture of the enterprise search engine. This chapter focuses
on the Search part: multiple Ontology assisted (a) query expansion, (b) field-based
ranking, and (c) active learning of the ontologies. The search engine also facilitates
the functionalities (e.g., the search space information and ontologies for computing
semantic query similarity in SPG) for the integration of visualization components
to be discussed in following chapters.

retrieval is essential which is supported by an improved relevance ranking (e.g.,
precision and recall) [63] and machine learning [54] techniques.

4.3 System Architecture

We designed and prototyped an enterprise search engine to experiment with fa-
cilities that are not provided by conventional search systems. We optimized the
speed and performance in finding relevant files for search queries by building a
index of the files discovered by crawler agents. The main search engine consists of
a collection of functional modules (Search Engine Modules, Index, Crawler, Ontology,
and SPG Database), which reside between the Search Interface and the distributed
file system, see Figure 4.1. Detailed description of the search process and the role
of each functional module was discussed in Section 3.3.

Search Engine Modules. When a user initiates a search session by submitting a
search query through the Search Interface, the Query Processing Module first parses
the query and derives a set of search criteria. The criteria may consist of one or
a few keywords and/or some constraints of file attributes, such as type, size and
date as a filtering condition. The criteria are then enriched (see Section 4.4.2) by the
Ontology module to expand the search space. For example, a keyword is enriched
with similar words, and a file type is enriched with similar file types. The enriched
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search query is then processed with the Index. This also activates the Crawler to
find files that meet the criteria but are not in the Index. Because of the size and
distributed nature of the file system, we anticipated that scanning the entire file
system at an interactive speed is not feasible. Finally, the Result Processing Module
ranks (see Section 4.4.3) the retrieved files before returning the results to the Search
Interface.

Index. The search engine creates an index and the queries are executed to search
through the index. The Index stores the information about the files and folders of
the distributed systems (search space). In order to optimize the scalability of the
Index, if required, it can only store the information about the files and folders that
have been and may potentially be related to the recent search queries. In the Index,
the Index Management module collects, scans, and parses the metadata of the files
fetched by the crawler and creates a data structure which can be searched quickly.
At first, the Index Management module analyzes each parsed word to remove stop
words and to normalize the words. This stage optimizes the parsed result. Next,
the Index Management module creates a data structure of inverted indexes. A de-
tailed description of index data structure, and main operations and algorithms
used for Index Management can be found in Appendix A.

Crawler. A crawler is a set of agents that scans through the distributed file system
in an autonomous manner and at a predefined scheduled interval. The crawled
information about files are used to update the Index. In an enterprise update, re-
move or creation of files happen very frequently. In order to keep the index fresh
the crawler agents crawl the distributed file system sources every night. The fre-
quently of crawling can also be reconfigured. As the crawler often discovers new
files that met the search criteria of these queries, though it may take a few hours
due to the size of the file system. These newly discovered files are updated to the
SPG Database that can be viewed in the provenance visualization facility presented
in Chapter 6.

Ontology. Ontologies are used for knowledge management. The system is equipped
with multiple ontologies, including a term ontology, a type ontology, a size ontol-
ogy, and a age (date-time) ontology. For example, the term ontology stores the
basic terms in English (including abbreviations), and the weighted relationship
between them. The type ontology captures the relationship between categories
of file types and terms in English. The details of the ontologies are presented in
Section 4.4.1.
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Ontologies are used by the Search Engine Modules to expand a set of search cri-
teria and to rank the search results. All four ontologies are automatically updated
by an Ontology Management module upon receiving updated weights from Active
Learning module. The users’ actions of selecting files (i.e., true positives) serve as
an active learning process (see Section 4.4.5) for the automated improvement of the
ontologies.

The ontologies can also be manually updated or tuned by an administrator
called Ontology Manager also known as Relevance Engineer who has a knowledge of
the enterprise data using a graphical user interface. The Relevance Engineer iden-
tifies new concepts and the relationships that is relevant to search and update them
to the ontologies. The Relevance Engineer also reviews the ontologies and manu-
ally tunes the weights of the ontologies to improve the relevancy of the retrieved
documents.

SPG Database. A provenance database stores the queries performed by the users,
the search results received, and the relevant results that are selected by the user.
The search histories provides the provenance data to the Provenance Visualization
facility.

Search Interface. The Search Interface is designed for two monitor displays of
3840x2160 pixel resolution. It has seven primary features, the first display shows
(1) Search Query Form, (2) Tabular View, provenance visualization using (3) Fo-
cus+context View of SPG, (4) Glyph-based View, (5) Collaboration Summary View, and
the dialogs for (6) Late Discovered Files, and the second display shows (7) Treemap-
based Focus+context View of search space and search results. The details of the visu-
alization facilities are described in the following chapters.

4.4 Multi-Ontology based Search

When a human assistant looks for files, his or her knowledge about various proper-
ties of files and their contexts plays an important role. When given a brief require-
ment for a search task, an effective assistant can narrow down a query or expand
a query based on such knowledge. As our application involves a large volume of
search activities on a daily basis, we can capture such knowledge using ontologies,
use the knowledge to help human users in their search activities, and update the
knowledge through active learning when the searches are performed.
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Ontologies express knowledge in terms of concepts, their properties, and the
relationships among concepts, and they are used in conjunction with a set of in-
ference rules [34]. In our system, the search engine is supported by multiple on-
tologies (to be detailed in Section 4.4.1). When an input query is given, the search
engine uses the ontologies and inference rules to expand a query to remove the
necessity for users to specify search criteria precisely and comprehensively, and
reduce the burden for users to try various combinations (e.g., different synonyms)
in an exhaustive manner (to be detailed in Section 4.4.2). With the expanded query,
the search engine usually finds many files. The search engine then uses the ontolo-
gies and inference rules to determine a relevance-score for each file returned. With
the relevance-scores, the search engine is able to order the search results in the
search interface, prioritizing users’ attention for the most relevant files (to be de-
tailed in Section 4.4.3). When users select files from search results as part of the
intended collection, the selection interaction is utilized by the search engine seam-
lessly for active learning. The learning process infers that the selected files are con-
sidered as “true positives”, and updates the weights in the ontologies accordingly
(to be detailed in Sections 4.4.4 and 4.4.5).

4.4.1 Ontologies for Knowledge Management

At an early stage of this work, we found that using a keyword ontology such as
WordNet [141] is not sufficient. We thus developed multiple ontologies to capture
and update the knowledge about major attributes of files and the relationships be-
tween such attributes and the keywords. In addition to a Term Ontology, we have
a Type Ontology, a Size Ontology and a Date Ontology. We implemented these on-
tologies using DEX/Sparksee [138], a scalable and fast C++ graph database, which
can scale up to billions of objects [9, 137].

Term Ontology. The Term Ontology stores the knowledge about the terms or key-
words used in the search and their relationships. It is modelled based on Word-
Net [141], with additional weights assigned to all edges. The original WordNet is
an unweighted digraph, where each term is connected to set of synonymous terms
called a synset. In file search, the words are not necessarily related to each other
in exactly the same way as in spoken and written English. We thus introduce a
weight to each directed edge, defining the level of “closeness” between two terms.
Here the concept of closeness not only encompasses the basic notion of synonyms,
but also captures the sense of co-occurrence in searches. For example, “building”
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and “construction” represent the former, while “work” and “plan” represent the
latter. Hence a query about one keyword (e.g., “building") can be expanded to
include similar words as well as common co-occurrences.

The structure of the term ontology ΦK is essentially a digraph ΦK = {K, W}.
K is a set of nodes that represent terms or keywords. W ⊆ K ×K × [0, 1] is a
set of directed edges. Each edge (u, v, w) defines the level of closeness from term
u to term v with a weight w ∈ [0, 1]. All weights are initialized to 0.5 before any
training (see Section 4.4.5).

Type Ontology. The Type Ontology expresses knowledge, e.g., term, and file types,
their properties, and the relationships among them. It is a complete weighted
undirected bipartite graph ΦT = {K, T, W}, where K and T are two disjoint
sets of nodes, representing keywords and classes of file types respectively. W ⊆
K × T × [0, 1] is a set of weighted edges. For every pair of nodes, (u ∈ K and
v ∈ T), there is an edge with a weight w ∈ [0, 1].

The knowledge captured in the type ontology is the level of association be-
tween a term and a file type. For example, terms such as “building” and “plan”
are closer to file types used by Computer-Aided Design (CAD) software, while
terms such as “finance” and “budget” are closer to spreadsheet types. In a spe-
cific organization or enterprise, there is normally a strong correlation between the
file names and file types. Such correlations can be effectively utilized to improve
search efficiency and effectiveness. In this work, we categorized over 200 file types
(e.g., txt, docx, pdf, xlsx, etc.) into 16 classes (e.g., Document, Spreadsheet, etc.).
The weights are initialized to 0.5 and are then updated through active learning.

Size Ontology. Similar to the type ontology, the Size Ontology is a weighted undi-
rected bipartite graph ΦS = {K, S, W}, where K and S are two disjoint sets of
nodes, representing keywords and classes of file sizes respectively. W ⊆ K× S×
[0, 1] is a set of weighted edges. The weights are initialized to 0.5 and are then
dynamically updated through active learning.

This ontology captures the knowledge about the level of correlation between
terms and file sizes. In order to support discriminable variations at the exabyte
level as well as the kilobyte level, we divided file sizes into eight classes, namely
0-999 bytes, 1-999 kB, 1-999 MB, 1-999 GB, 1-999 TB, 1-999 PB, 1-999 EB, and 1 ZB
or above.

Date Ontology. The Date Ontology is also a weighted undirected bipartite graph,
denoted as ΦD = {K, D, W}, where K and D are two disjoint sets of nodes, rep-
resenting keywords and classes of file “ages” respectively. W ⊆ K×D× [0, 1] is a
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set of weighted edges. The weights are initialized to 0.5 and are then dynamically
updated through active learning.

In a large organization or enterprise, the convention of naming files often re-
flects some historical protocols, and this knowledge can thus be used to enrich
queries. The date/time attribute in a file system is normally displayed using one
of the international or regional formats (e.g., YYYY-mm-DD_HH-MM-SS). In the
context of file searching, it is more useful to use the age of a file, i.e., the inter-
val between the time of searching and the record time of creation (or last modi-
fied/accessed). The main challenge is the large range of values. We thus adopted
a convention similar to that for size, dividing file ages into five classes: hour (0-24
hours), day (1-31 days), months (1-12 months), year (1-10 years), and decade (1
decade or more).

The search engine is designed in such a way that it can easily integrate more on-
tologies, e.g., domain ontology for domain specific semantic support, personalized
ontology for personalized information retrieval and so on.

4.4.2 Query Expansion

Query expansion reformulates the users’ query by adding closely-related terms
to the query. It enriches an input query to accommodate ambiguities in natural
language, and alleviate the users’ burden to define all these related terms explicitly.
This feature is particularly important for an enterprise where the administrators
need to find all files related to a project but are unfamiliar with the precise meta-
information about these files (e.g., the naming convention). With query expansion,
the search engine improves the recall in the search results.

The expansion procedure is invoked by the Query Processor upon receiving a
query. The original query is parsed, and a set of terms (or a term vector) is derived.
For an input term “building”, for example, it would also be useful to search for
other words, such as “construction”, “build”, “make”, “progress”, “establish”, etc.
as files related to buildings may not be saved with file names containing the word
“building”, especially in a project all about buildings. This set of terms can further
be enriched recursively. In our trained term ontology, for instance, terms such as
“structure” and “progress” are two links away from the term “building”.

In the context of the term ontology, each input term is referred to as a source
node, and each added term as a destination node. Given one or a few input
terms in the original query, the expansion procedure first locates the corresponding
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source nodes in the term ontology. Starting from each source node, it activates a
recursive sequence for determining a knowledge spanning tree, connecting all nodes
with an appropriate weight, and reaching out to all its destination nodes. The con-
nectivity is determined by an aggregate weight W(s, d) between a source node ns

and a destination node nd. Let w1, w2, . . . , wk be the weights on the k edges con-
necting ns and nd in the term ontology. The aggregate weight W(s, d) is computed
as follows:

W(s, d) =
k

∏
i=1

wi ρ(i)

where ρ(i) is a step function that moderates the impact of the weight according
to connectivity between node ns and edge i. A commonly-used step function is
ρ(i) = iα, α ≤ 0. As i ∈ [1, k] is an integer variable, the function appears to be
step-down or a horizontal (when α = 0). We set α = 0, i.e., ρ(i) ≡ 1, in this work.

Alternative step functions may also be used. For example, to compute W(s, d)
using only the notion of synset in WordNet, one would have ρ(i) = 1 if i = 1
and ρ(i) = 0 otherwise. To consider all descendants which are k links away from
ns, one would have ρ(i) = 1 if i ≤ k and ρ(i) = 0 otherwise. To consider all
descendants in the ‘is-a’ hierarchy, one would have ρ(i) = 1 if edges, 1, 2, . . . , i are
all “is-a” connections, and ρ(i) = 0 otherwise.

W(s, d) is used to control the depth of the spanning tree. The recursion stops
when W(s, d) becomes insignificant, i.e., less than a threshold value. In this work,
the threshold is set as 0.25. For all input terms in the original query, the knowledge-
spanning trees define the expanded set of terms to be used in the search, facilitating
meaning-based retrieval based on the semantic representation of the original query
in the term ontology.

4.4.3 Ranking

The search engine returns search results in two batches. The results in the first
batch are derived by the search engine from the index and are returned at an inter-
active rate. The results in the second batch are delivered by crawler agents, which
search the entire file system to discover files that match with the expanded query
but not in the index. Because the size of the file system is large, the results in the
second batch (if any) usually cannot be produced instantly, and are delivered to
users gradually in a manner similar to a message box. For both batches, the search
engine provides each resultant file with a score representing the level of relevance
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to the original input query. For the first batch, these scores are particularly use-
ful in ordering the display of the search results, so users can pay attention to files
that are likely to be most relevant. For the second batch, the results are normally
displayed in a temporal order (first come and first served). The scores are thus sup-
plementary. They are used to order the display only when there are many results
coming at a similar time, or where users prefer to process them in big groups.

Each file in a batch of results has a set of attributes as the metadata of the file,
e.g., file name, type, date (creation/last modified/accessed), size, owner, group
and so on. These attributes can be used to rank the file with a relevance score. In
this work, we implemented a ranking function based on file path, type, date and
size, corresponding to the four ontologies described in Section 4.4.1.

Let Θ be a set of search terms {θ1, θ2, . . . , θn} in the original query. Let F be a col-
lection of files in a batch of search results. Each file, f ∈ F, has t attributes. We first
decompose a file path into a set of terms available in the term ontology. For exam-
ple, for a file path “/Cost Management(dsfp05)/Insite Server/Whole Life Cost/Network

Rail/Projects/17003 Construction Budget v0.1.xlsx”, the decomposition results in a set
of search-able terms {17003, construction, budget, v1.0, project, network rail, whole, life,

cost, insider server, cost, management, dsfp05}. We denote such a set of terms derived
from a file path by Ψ = {ψ1, ψ2, . . . , ψm}.

As described in Section 4.4.2, given a source term (root) and a destination term
(non-root) in the same spanning tree, we can compute an aggregate weight W(s, d).
Hence for every pair of terms, θi ∈ Θ and ψj ∈ Ψ, if ψj is in the spanning tree built
for θi, we can obtain an aggregate weight W(θi, ψj). Otherwise, W(θi, ψj) = 0. For
each θi, we define a composite weight

WW(θi) =
m

max
j=1

W(θi, ψj)

While this composition is normally sufficient, the following iterative composi-
tion function can be used to reflect, more accurately, the partial additive nature of
the composition.

κ(1) = W ′(θi, ψ1);

κ(j) = κ (j− 1) + (1− κ (j− 1))W ′(θi, ψj);

WW(θi) = κ(m)
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where the series of values W ′(θi, ψj), j = 1, 2, . . . , m is obtained by sorting W(θi, ψj)

in descending order.
In addition, for each file f ∈ F and each term θi in the original query, we can

locate a connection between θi and the file type class of f in the type ontology, and
obtain a weight assigned to that edge. We denote this weight as WT(θi). Similarly,
we obtain a weight WS(θi) for the size of f and another weight WD(θi) for the date
of f .

We then combine WW(θi), WS(θi), WT(θi), and WD(θi) as

CW(θi) = 1− ∏
x=W,S,T,D

(
1−Wx(θi)

)
Finally, for each file f ∈ F, we compute a score based on all terms in the original

query as:

S( f ) =
m

max
i=1

CW(θi)

Similar to the computation of WW(θi), a more accurate but costly composition
function can also be used for S( f ). The scores for all files in a collection of search
results F provides a means for sorting these files in descending order in their dis-
play, enabling users to prioritizing their attention and effort cost-effectively.

4.4.4 Relevance Feedback

When the search results are displayed to the user, the user uses the visual interface
to select those files that are considered to have met the purpose of the search activ-
ities, e.g., they are required by the reporting process for a construction project. The
user’s selection actions implicitly provide some information about the relevance
of the files in the search results. This information can be used as part of active
learning to improve the ontologies dynamically.

However, while a selection action can be treated as a positive confirmation of
relevance, the fact that a file is not selected cannot be treated naively as a confir-
mation of irrelevance. A search often returns many files. A user may feel over-
whelmed after selecting a few files, or just viewing the results, and decide that it
is better to reformulate the query. Taking such scenarios into account, we derive
a set of integer values, Lambda, from a user’s selection activities after receiving
search results before moving on to a new query process. Each value λ in the set Λ
is referred to as a Relevance Feedback Index (RFI), and each corresponds to an edge
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in one of the ontologies. It is used in the Active Learning process for improving
the ontologies.

Using the same notation from Section 4.4.3, we consider the term ontology first.
Consider a set of files returned by a search F = { f1, f2, . . . , fs}. The user’s selection
activities result in a binary flag ιk for each file fk such that ιk = 1 if fk has been
selected and ιk = 0 otherwise.

For each input term, θi ∈ Θ, in the initial query, we consider all ontological
nodes that are featured in F and are related to θi as a generalized set Φi. In other
words, this set Φi includes the file type classes, file size classes and file dates classes
of all files in F. It also includes the union of all term sets Ψk, k = 1, 2, . . . , s, each
derived from a file path. For each pair of ontological entities (θi, φj), we need to
derive an RFI, λ if there is a connection between them in a spanning tree where
θi is the root and φj is a non-root node. This RFI can later be used to update the
weight(s) along the connection.

We adapt the guideline proposed by Rocchio [175, 181] to compute the aggre-
gated relevance score by combining both positive and (potentially) negative rele-
vance feedback information. With Rocchio’s method, positive and negative infor-
mation are combined together to modify a query in the vector space model. Let
Fs and Fn be two disjoint subsets of F, representing the selected and unselected
files respectively. Given (θi, φj), we first calculate two numbers, si,j and ni,j. si,j is
the number of times that φj (e.g., a type class) has been featured in Fs. ni,j is the
number of times that φj has been featured in Fn. For each θi, we place all si,j into a
vector ~Si, and all ni,j into ~Ni. We can then compute a set of RFIs as:

~Λi = β~Si − (1− β) ~Ni (4.1)

where 0 < β < 1 is scalar constant that defines the ratio of the reward and
penalty factors. In other words, it controls the influence of positive and negative
relevance feedback.

In typical search scenarios, a small fraction of files among the search results
would be selected by the users. Equation (4.1) indicates that either a low score of
~Si or a high score of ~Ni would result in a low score of ~Λi. In general |Fs| � |F| =⇒
si,j � ni,j. As the difference between si,j and ni,j can vary dramatically, it is difficult
to set an appropriate β. We thus modified Equation (4.1) by mapping the values
in the two vectors ~Si and ~Ni into percentages. We thus divide each vector into
four sub-vectors, corresponding to the four ontologies described in Section 4.4.1.
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We denote them as ~Sx,i and ~Nx,i where x = W, S, T, D. The revised formula for
computing the corresponding Λx,i is given in Equation (4.2).

~Λx,i =

β
~Sx,i

|~Sx,i|
∑

t=1
sx,i,t

− (1− β)
~Nx,i

|~Nx,i|
∑

t=1
nx,i,t

× 100 (4.2)

where, sx,i,t ∈ ~Sx,i, and nx,i,t ∈ ~Nx,i. As per the suggestions in the existing
literature [136], we have empirically set the value β = 0.65 based on the pilot
studies conducted with several datasets (between 0.5 to 2.0 millions of files). The
four sets of RFIs, ~ΛW,i, ~ΛS,i, ~ΛT,i and ~ΛD,i are forwarded to the learning process to
update the four ontologies.

4.4.5 Training and Active Learning

The weights in the four ontologies were initialized to 0.5 at the very beginning.
They have all undergone a period of training in laboratory conditions. However,
this is not sufficient to accommodate the dynamics in a real word environment. We
thus implemented a mechanism for active learning, which utilizes the relevance
feedback indices (RFIs) described in the previous section.

Each RFI, λ, is rounded to an integer. A positive value indicates that the weight(s)
of the corresponding edge or edges along a path should increase to reflect the posi-
tive confirmation of relevance. A negative value indicate that the weight(s) should
decrease. We use |λ| to determine the number of repeated application of small in-
crements or decrements. We have adopted the update mechanism commonly used
in neural networks [21]. When each edge is modelled as a simple neural network,
the small amount of increment or decrement depends only on the current weight
w after the factor of λ is taken care of. Given a weight w on an edge, the small
increment (or decrement) is computed in the following steps.

We first convert the weight w in an ontology to a weight ν in a neural network
as:

ν = − ln (
1
w
− 1)

Here we define the logistic function as:

78



4.4. MULTI-ONTOLOGY BASED SEARCH

w = f (ν) =
1

1 + e−ν

While η is a constant for moderating the scale of increment (or decrement), the
amount of increment (or decrement) is then computed as:

∆ = η δ
∂ f (ν)

∂ν

= η δ ( f (ν) (1− f (ν)))

= η δ w (1− w)

δ =

{
1− w if λ > 0
−w if λ < 0

The neural network weight ν′ is computed and then converted back to an up-
dated ontological weight as:

ν′ = ν + |λ|∆

w′ = f (ν′) =
1

1 + e−ν′

A simplified form w′ which is computed from w can be derived as:

w′ =
1

1 + ( 1
w − 1) e− |λ| η δ w (1−w)

(4.3)

4.4.6 Weight Normalization

During the active learning process the weights of the concerned edges keep chang-
ing, which also changes the average weight of the ontologies. In order to conserve
the average weight of the ontologies as a constant (which is here set to 0.5), a house
keeping routine periodically normalize the weights at a predefined scheduled in-
terval. The regular normalization function is described in Algorithm 4.1. The
function first determines a scaling factor α, and then scales the weights linearly.
However, this does not guarantee that the scaled weights will be between [0 1].
Therefore, if the weight of an edge overshoots 1.0 then a nonlinear scaling factor
k is computed which scales down the weight. This process continues recursively
until the average weight becomes 0.5 and the individual weights are set to [0 1].
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Algorithm 4.1 NormalizeWeights (w′i)
Description: Normalization of the directed graph weights.

Require: w′i is an array of n elements or updated weights after active learning.

1: function NORMALIZEWEIGHTS(w′i)
2: n = |w′i| . Cardinality
3: µ = 1

n ∑n
i=1 w′i . Mean

4: if µ = 0.5 then
5: return w′i
6: else
7: α = 0.5

µ . Linear scaling factor
8: for all w′i do
9: wni = α w′i . Scale

10: end for
11: max = Max(wni) . Find the maximum weight in the array
12: if max < 1 then
13: return wni
14: else
15: c | 0.5 < c < 1 . Choose c between 0.5 and 1
16: k = ln (c+1)

ln (max+1) . Non-linear scaling factor
17: for all wni do
18: wn′i = (wni + 1)k − 1 . Scale
19: end for
20: end if
21: end if
22: NORMALIZEWEIGHTS(wn′i) . Recursive call
23: end function

Figure 4.2 shows and example snippet of the Term Ontology. It illustrates how
the weights of the outgoing edges of the term “building” to its related terms one-
link away improve with training. The source term “building” is connected to nine
different terms and itself. Four relevance feedback datasets related to the search
term “building” are used from the SPG Database database for training purpose.
The initial weights are set to 0.5. For each training the RFI values λ, new weight
w′, and the normalized weight wn are computed. Here, the values of β = 0.6
(Equation 4.2), η = 0.3 (Equation 4.3), and c = 0.6 (Algorithm 4.1) are considered
for the computation.
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S N λ w' wn
7
0
1
3
0
0
1
0

78 12 .61 .58
4 -1 .49 .47
0 5 .55 .52
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0 0 .50 .48
0 0 .50 .48
9 2 .52 .50
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1
3
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8 0 .44 .43
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Figure 4.2: A snippet of the term ontology shows the weights of the search term
“building” and its related terms in one-link away. In this example, four different
sets of users feedback data are used to train the ontologies, showing the RFIs and
changes in weights before (w′) and after normalization (wn).

4.5 Experimental Results and Discussion

4.5.1 Experimental environment.

All experiments were performed using the prototype enterprise search engine that
was implemented in C++. Experiments were run on a Linux 3.11.0 kernel installed
on a virtual machine(VM) running on a 64-bit hyper-threaded 2.8 GHz Intel Xeon
processor, 6 GB of memory, and a 7,200 RPM 500 GB SCSI disk. The VM’s operating
system was configured to use one processor and 3GB base memory.

4.5.2 Data Set

Over the years, several standard methods have been evolved to evaluate informa-
tion retrieval and search systems. TREC provides a set of files collection, queries
and relevance judgement information for evaluating web information retrieval
systems [81, 82]. Task-based and focus groups (or log analysis) studies were con-
ducted by gathering a set of real users and have them interact with the system over
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Table 4.1: Size distribution for different types of files

File Category Total Files
Analyzed

Distribution
Type

Distribution Parameters

Audio 327 Weibull α = 0.63017, β = 1.4268 e5

Backup 113 Lognormal σ = 2.7162, µ = 11.079
Compressed 121 Lognormal σ = 3.2318, µ = 12.623
Database 597 Lognormal σ = 1.5931, µ = 9.1686
CAD 56 Lognormal σ = 1.2267, µ = 7.9307
Developer 1550 Lognormal σ = 1.2497, µ = 7.9466
Disk Image 106 Weibull α = 0.30197, β = 2.6857 e5

Document 8749 Lognormal σ = 3.1152, µ = 8.8189
Spreadsheet 223 Lognormal σ = 3.1372, µ = 8.8102
Presentation 34 Lognormal σ = 3.0591, µ = 8.8049
Executable 4183 Lognormal σ = 1.7659, µ = 11.783
Image 13138 Lognormal σ = 2.0204, µ = 8.527
Misc 138 Lognormal σ = 1.2929, µ = 14.421
System 33332 Weibull α = 0.54405, β = 2.5418 e5

Video 3372 Lognormal σ = 2.8214, µ = 15.697
Web 4809 Lognormal σ = 1.331, µ = 8.2418

some period [49,54,59,78]. The ontology-based web information retrieval systems
used news web archive [41, 189]. The latest work on enterprise search and PIM
by Wang et al. [211] used their desktop datasets for evaluation. They used 43GB
desktop user data consisting of 24K files of different types.

Performance evaluation of an enterprise search system using a large-scale dataset
is a challenge due to unavailability of real file system collections or synthetic datasets
and benchmarks due to privacy concerns [121, 211]. In order to address this prob-
lem, Chernov et al. [50] attempted to create a test bed for desktop search by col-
lecting files and queries collaboratively. The recently created pseudo desktop col-
lection by Kim & Croft [121] could be a useful dataset to evaluate our system,
however the size of this collection is less than 200MB.

At the beginning phase of the project, we had meetings with members of the
industrial partner, where the existing document management system and the re-
quirements of the document search system were discussed. Thereafter, the author
of this thesis had a week long placement in the enterprise. During that placement, a
series of meetings with the domain experts were held, and had the opportunities to
familiarize with the existing document management systems, the distributed file
system, the file naming convention and directory structures, different file types,

82



4.5. EXPERIMENTAL RESULTS AND DISCUSSION

the classification techniques used, and typical search scenarios. The requirements,
the use cases, and the technical changes of the system were also discussed.

The primary dataset contained files and directories of total 1.7TB. This dataset
contains 70,848 files organized in 7,338 directories. 24% of the files are multimedia
files (e.g., audio, video and pictures), 12% document files (e.g., pdf, text, word,
etc.), and 47% files are other types of files. More details of the different types of
files analyzed can be found on the Table 4.1. The average directory depth was
3.4 with the longest being nine. On average, each directory contains 11.6 sub-
directories and files, with the largest folder containing e-mails containing 1,013.
The system extracted 347,448 unique stemmed content terms. File modification
dates span seven years. 45% percent of the files are smaller than 177KB, and 65%
of the files are smaller than 4.1MB. Files such as virtual machines images are as big
as 60GB in size.

Based on the knowledge gained during the placement and the available dataset,
a large simulated file system dataset is generated. The techniques proposed by
Chernov et al. [50] and Kim & Croft [121] suggesting the usage of statistically gen-
erated dataset is adapted. The method proposed by Agrawal et al. [4] to statistically
generate file system dataset is used for the evaluation of our system.

File system data contains different metadata fields, e.g., name, type, size, date,
user, group, etc. From the existing dataset, we have derived different distributions
for each of the metadata variables. For example, the file size follows a certain dis-
tribution, which can be confirmed from the histogram or distribution fitting tools.
We use these distributions to create files of any scale randomly. The generated
files distribution are validated with the original distribution using Kolmogorov-
Smirnov(KS) test for the equality of continuous distributions. A file creation fol-
lows the following steps.

File System Structure. Engineering enterprises (e.g., Laing O’Rourke) deals with
very large projects generating files in the scale of billions stored in a file system
distributed across many offices located in different regions across the globe. The
distributed file systems usually span into continents and regions which contain the
files classified into different business unit owners, functional areas, projects and so
on. Under such structure, different users create different folders to store and share
the information. A statistics of distributed file system structure, hierarchy, and size
is created based on the knowledge gained during the placement. Firstly, a directory
name-space structure is defined in an XML file. Each XML node is assigned a
weight, for example, Laing O’Rourke stores nearly 50% of their data in the United

83



4. ONTOLOGY-ASSISTED ENTERPRISE SEARCH ENGINE

Kingdom offices. Then the depth of the directory hierarchy is generated randomly.
The name of the directory at each level is drawn iteratively from the probability
mass function (PMF) derived from the XML file.

File Name. In an organization, file names commonly follow a convention such
as “prefix_project-code_keyword(s)_version_suffix.type”. However, such naming
convention is not followed consistently and users rarely memorize the project code
to search for project specific files. The users mostly rely on keywords to search for
files. For that reason it is sensible to generate the file names randomly. We have
created files with different names by randomly drawing from a term distribution
created from the existing dataset as well as a short dictionary containing most com-
monly used words, thereby increasing the diversity in the randomly created file
name.

File Type. We have created a discrete probability distribution of file types by scan-
ning the dataset. For each type, we calculate the weight or frequency by number
of times they appeared in the data.

File Size. Different types of files exhibit significantly disparate size distribution
[79], for example Agrawal et al. [4] reported that file size by count follows hybrid
distribution of Lognormal and pareto-tail. Therefore, we have categorized files
into 16 different high-level categories, and each category has subcategories con-
taining more than 200 different known file types. We create separate distributions
for each category which is presented in Table 4.1.

File Date. In the context of file searching, it is more useful to use the age of a file,
i.e., the interval between the date of searching and the record date of creation (or
last modified/accessed). We have created a continuous probability distribution
of the file age from our existing dataset. We draw the age value from the age
probability distribution and subtracted from the current date to assign a realistic
date to the newly created file.

4.5.3 Experimental Results

Relevancy. In order to appreciate how well the search engine performs, i.e., learns
to rank the search results, it is desirable to compare the performance under follow-
ing conditions (similar to method used in [150, 152]):

1. Without active learning of the ontologies where the relevant results expected
to be distributed randomly in all the search results.
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Figure 4.3: Comparison of the precision and recall before and after training with
three different training sets.

2. With iterations of active learning using the relevance feedback information,
where after each iteration the improvement of the relevance rank is expected.

We evaluated the effectiveness of the search on the basis of how well it helps
users achieve their file searches efficiently and effectively. We focused on the
searches within the Index, since this offers search results at an interactive rate.
Hence the freshness of the Index is also particularly important. For a given query
end-user perception about relevancy varies. In this context, we used the follow-
ing performance measures: (a) precision reports the fraction of files in the results
that are labelled as relevant, and (b) recall value (sensitivity) reports the fraction
of relevant instances that are retrieved. By default, we consider that the results are
ranked with respect to the ranking function described earlier.

Interactive relevance feedback gives very substantial gains in retrieval perfor-
mance. Empirically, one or two round of training using relevance feedback is often
useful. However, there is some subtlety to evaluating the effectiveness of rele-
vance feedback. Relevance feedback requires enough judged files, otherwise the
process is unstable in that it may drift away from the users’ information need. Fol-
lowing the approach proposed in [211], we start with the initial set of 40 different
synthetically generated queries for relevance judgement and train the ontologies.
Following each search round we compute the average precision-recall graph for

85



4. ONTOLOGY-ASSISTED ENTERPRISE SEARCH ENGINE

0%

20%

40%

60%

80%

100%

0 2 4 6 8 10 12 14 16 18

P
er

ce
n

ta
ge

 o
f 

Q
u

er
ie

s

Query Processing Time (milli sec)

Figure 4.4: The CDF of query processing time, 500 queries over 0.5 million files.

all the queries while keeping the judged documents the same. We have measured
higher performance after three consecutive training steps.

Figure 4.3 presents the recall, and mean average precision (MAP). Computing
precision is very time-consuming, requiring the manual inspection of each file re-
turned for each query and deciding whether the file is relevant to the query. There-
fore, recall and MAP are averages across the entire sets of 40 different queries. In
standard information retrieval, relevance assessment for every file against every
query is given to compute the recall metric, which is not available in our case.
Therefore, we measure the recall as the percentage of time that the target files are
returned as one of the answers.

Figure 4.3 shows that at the beginning when the ontologies are not trained
the relevant files are distributed randomly across all the returned files. After we
start to train the ontologies using relevance feedback information, the relevant files
starts to show up on the top. The precision and recall values show that the system
ranks the relevant results effectively. Specifically, after training the search achieves
higher precision. As it can be seen in the plot, the MAP at 0.10 recall is 0.80, 0.86,
and 1.0 for three consecutive trainings. The plot shows that after each iteration
of training the recall value improves. The ontology manager can also manually
review and tune the weights of the ontologies which may further improve the pre-
cision and recall values.
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Query Processing Performance. Figure 4.4 shows the Cumulative Distribution
Function (CDF) of the query processing time for 500 queries over a cache of 0.5
million files. The reported query processing times are averages of 50 runs. We
observe that, the maximum query processing time is below 9.5 millisecond. Fur-
ther, approximately 60 percent of the queries execute within 2.1 millisecond, while
95 percent of the queries execute within 6.5 millisecond. This is particularly im-
portant in term of user experience as high variance in response time is known to
significantly degrade the user perceived usability of the system. Further analysis
shows that the difference in query processing time is observed due to some queries
are enriched with a large number of additional terms compared to others.

System Scalability. With an initial hardware configuration, the scalability is mea-
sured in terms of (a) the number of files the system can index or the size of the
index with the number of crawled files, and (b) the query processing time over
the index. The size of the ontologies should also be considered for the scalability
measure.

We believe that our experimental datasets are sufficiently large, given that the
system is tested in a virtual machine. Therefore, the results apply directly to a
large-scale distributed system. We briefly study the scalability of the system to
assess its potential to handle very large datasets. Figure 4.5 (a) plots average and
median query times for the same set of 500 queries against dataset size. The results
show that query performance scales linearly with dataset size but with a relatively
flat slope (e.g., increase of only 1 seconds in mean query processing time when the
dataset increases by 0.5 million in size).

Figure 4.5 (b) shows the index size against dataset size or the number of files
indexed. It shows that the index size scales linearly with dataset size and almost
doubles as the dataset size doubles. The index is compressed with basic compres-
sion algorithms, as a result 0.5 million file system metadata are cached in 89.3 MB
space, and 5 million files are cached in 907 MB space. This is a quite promising
result because there are many known compression techniques that can be applied
to improve the index size.

The ontologies are scalable in terms of the number of objects (nodes and edges)
they contain. The term ontology has 58,094 unique term nodes connected to their
corresponding synsets. The size ontology has around 58,102 nodes and 4,64,752
edges, so as the date ontology. The type ontology has 58,110 nodes and 9,29,504
edges. The ontologies can also be scaled to handle a large number of objects so
that new concepts and relationships can be dynamically added either manually or
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Figure 4.5: (a) The mean and median of execution times for queries vs. dataset
size. (b) The index size vs. dataset size.

automatically.
This result is quite promising considering that our prototype has not been op-

timized for any dimensions other than structure, and, overall, has not been code
optimized. There are many known optimizations that we can apply to improve
the processing time. The test is conducted in a virtual machine installed on a desk-
top, given a host machine the performance would improve drastically. In order to
improve the system scalability, the active learning process can be done by a house-
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keeping process in a predefined scheduled interval particularly when the load on
the system is very low.

4.6 Conclusion

In this chapter, we described an enterprise search engine developed for a large-
scale distributed file system search in an engineering enterprise. In particular, we
used multiple ontologies for query expansion, and ranking of search results. Our
empirical studies proved the important role of ontology that the search engine
relied on to achieve an interactive performance in search. The use of query expan-
sion and active learning of the ontologies improved both recall and precision of
the search query. As the studies confirmed that training plays an important role
in improving the relevancy of the search results, they indirectly suggested that
active learning will be necessary and effective in practical deployment. The em-
pirical studies also showed that the system is scalable even with a virtual machine
running in a desktop computer.

In the next chapter, we present a focus and context visualization technique to
assist administrators to identify false positives, false negatives, and to support ef-
ficient multivariate search.
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5.1 Introduction

This chapter is concerned with focus and context visualization. In particular we ad-
dress a requirement for displaying search results represented by small visual ob-
jects as the focus are discretely distributed on top of a search space represented as
a dense visual context. Many visual representations, such as treemaps [111], pixel-
based visualizations [118] and images, make highly cost-effective use of space in
conveying complex information. However, when these representations are used
to depict contextual information in a focus and context visualization, it is difficult
to overlay focal information on top of the context while facilitating efficient visual
search.

For example, Figure 5.1 shows a zoomed-in view of a treemap that represents
part of a GNU/Linux file system. In many situations, it is useful to display search
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results (i.e., focus) in conjunction with their distribution in the file system (i.e., con-
text). Such a visualization can help users determine if search criteria were set cor-
rectly or if the search has resulted in any unexpected outcomes, i.e, false positives
and false negatives. In Figure 5.1, we can observe that when the search results are
displayed as static coloured dots against a treemap background, it is not easy to
identify these dots. With the rapid growth of data stored in distributed file sys-
tems, the level of difficulties in, and the required effort for, searching files will
likely increase. It is becoming highly desirable to provide a search interface with
effective focus and context visualization.

In Chapter 4, we designed and prototyped an enterprise search engine, en-
abling the experimentation with visualization facilities, which could not be done
with a blackbox search system. In this chapter we report a multi-faceted study
on several visualization solutions for displaying a collection of small objects dis-
cretely distributed on top of a dense visual representation. In particular, we have
concentrated on the scenario of searching through a large-scale distributed file
system with an enterprise search engine and visualizing the search results. Per-
ceptually, discerning dots from a treemap is challenging due to many factors, in-
cluding but not limited to dot size, change blindness, selective and divided atten-
tion [32, 168, 169, 195]. Hence, one may consider several alternatives to the static
dots in Figure 5.1, e.g., using large dots or animating the dots. The approach of
increasing dot size provides a further option for encoding more file attributes us-
ing multivariate glyphs. One possible benefit that a multivariate glyph may bring is
the provision of an intermediate level of details between a dot and its detailed at-
tributes, which are displayed in a popup window activated by hovering a pointer
device over the dot. Viewing a coarse depiction of file attributes may facilitate fast
elimination of incorrectly returned search results, and reduction of the needs for
hovering over every dot (or glyph) to inspect its details. However, when using
multivariate glyphs to depict search results as shown in Figure 5.2, the focus infor-
mation may sometimes cause serious occlusion of the context information. Natu-
rally, this leads to another design option of animating glyphs cyclically as shown
in Figure 5.3. Such glyphs are referred to as cyclically animated glyphs (CAG).

Our multi-faceted study thereby examined three alternatives to static dots, namely
(a) Cyclically-animated dots, (b) Static glyphs, and (c) Cyclically-animated glyphs.

Our theoretical rationales for considering cyclic animation and multivariate
glyphs include:
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• Animated motion, especially the onset of a motion, captures attention (e.g.,
[3, 164]). Motion pop-out effects have been observed in infants as young as
4.5 months old [56]. “Visual search for a moving target among stationary dis-
tractors is more efficient than searching for a stationary target among moving
distractors” [180]. All these suggest that motion vs. static can provide focus
and context information with different levels of attention stimulation.

• The human visual system and memory system allow us to capture multiple
pieces of information displayed in an alternating manner at the same loca-
tion. It is widely accepted that information about a visual stimulus remains in
the sensory memory for up to a second [11], and in working memory between
15-30 seconds [162]. If attentively rehearsed and exercised (commonly in vi-
sualization), the retention of information in working memory can increase.
If multiple data attributes are integrated into a visual representation (e.g.,
a multivariate glyph), working memory may hold more information [140].
This suggests that it is feasible to use cyclic animation to address the prob-
lem of occlusion as viewers can perceive both focus and context information,
while the cyclic nature allows the visualization to remain effective as a tool
of external memorization.

• Although animation may not always be effective in visualization (e.g., [83,
173]), the primary use of cyclic animation considered in this study is not for
conveying information but for capturing attention, and resolving or reducing
the problem of occlusion. Hence cyclically animated dots and glyphs may
not suffer from the conventional drawbacks associated with some uses of
animation in visualization, such as lack of external memorization capability,
inaccuracy in motion perception and motion comparison, and poor pop-out
effects in motion vs. motion comparison.

However, these theoretical rationales may not guarantee any of the three al-
ternative approaches will offer effective visualization. In particular, glyph-based
visualization inevitably adds additional burden upon users because they have to
learn and memorize glyph encoding in order to gain much of the benefits from
using multivariate glyphs. Cyclic animation can have many control parameters
(e.g., timing and animation style), which may seriously affect the perception of the
animated dots or glyphs. In general, the design space for both glyph encoding and
animation control is huge, and for any single study, it is only feasible to explore
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a small subdomain of such a design space. In this work, we conducted four em-
pirical studies in addition to the necessary effort for developing a glyph encoding
scheme and a prototype visualization-assisted search tool. Three empirical studies
were carried out as controlled experiments, which allow us to discover perceptual
effects of different temporal transfer functions for cyclic animation, and the just no-
ticeable difference (JND) in the perception of some attributes encoded in glyphs.
As controlled experiments can normally yield more precise findings when they are
focused on one or a few control parameters, these enabled us to optimize two of
the most important parameters for cyclically-animated glyphs with some degree of
precision. Hopefully, the three alternative approaches can be compared with static
dots on a reasonably fair basis. The fourth empirical study was conducted in the
format of a focus group study, involving a short survey and an open discussion.
The rationale for choosing this qualitative format is that it allows us to explore the
possible merits and demerits of the three alternatives in many different aspects,
which would be difficult for a few task-based control experiments to encompass.

These four empirical studies enabled us to gain several new insights. Firstly,
all three alternatives can stimulate more attention in viewing search results over-
laid on top of a treemap. Secondly, it is still feasible to perceive different attribute
values even when a glyph is animated cyclically. Thirdly, participants preferred
cyclically-animated dots and static glyphs, while most found cyclically-animated
glyphs somehow irritating. Finally, participants expressed a fair level of willing-
ness to learn and memorize glyph encoding, and many showed their capability of
understanding a given encoding with little effort.

5.2 Related Work

Our work builds on research in the areas of treemaps, search results, and glyph-
based visualization. We therefore briefly review the related work in these areas.

5.2.1 Search-related Visualization

Here we present focus and context and glyph-based techniques applied to infor-
mation search result visualization. xFind [7] was developed to display search re-
sults as a ranked list as well as a scatter plot. Roberts et al. used glyph to vi-
sualize web search results [172]. Hoeber and Xue [105] developed HotMap and
Concept Highlighter to show search results as two levels of detail: an overview of
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Figure 5.1: The conventional depiction of search results as coloured-dots on a
treemap results in great difficulties in visual search. In the background/context
green are directories and purple are files.

Figure 5.2: When multivariate glyphs are used the occlusion would make the un-
derlying context difficult to see.

the top 100 documents, and a detailed view of 20–25 documents at a time. They
also discussed how these views support the visual query of web search results.
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Figure 5.3: We propose to use cyclically animated glyphs to address both difficul-
ties shown in Figure 5.1 and 5.2.

VisGets [66] and Fluid Views [67] were developed to visualize Web search results
and the distribution of the results in a geographic map. Chau [42] proposed a
glyph based on a flower metaphor to visualize web search results. Nocaj and Bran-
des [153] developed a tool to display the search results using a Voronoi treemap.

5.2.2 Treemaps

The concept of a treemap was proposed by Shneiderman [111], initially for visu-
alizing the space utilization of a hard drive. Since then, the use of treemaps has
been extended to almost any data with a hierarchical organization. Treemaps and
pixel-based visualization share a similar dense appearance and pixel-based visu-
alizations can also be regarded as a special case of a treemap. Keim provided a
comprehensive survey of pixel-based visualization [118]. Oelke et al. proposed
a number of methods for boosting some focus information in a pixel-based vi-
sualization [154]. Spatially ordered treemap was presented in [224] to show the
geographic distribution of the hierarchical data.
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5.2.3 Glyphs

Glyphs are visual entities composed of several visual channels representing multi-
variate attributes. Glyph designs tend to be largely influenced by particular appli-
cation domains and tasks. Here, we mainly review the glyph-based visualization
techniques relevant to information visualization. Ward [212] classified different
glyph placing strategies, proposing rules for their usage and noted several bias
issues in the context of information visualization. He proposed a perceptually-
aware process of glyph generation via the mapping of data attributes to visual
channels in [213]. Yang et al. meanwhile proposed Value and Relation (VaR) for
visualizing multidimensional large datasets [227]. In information visualization,
ring-shaped glyphs and radial mapping are common [104]. Further techniques on
radial methods for information visualization were surveyed by Darper et al. [71]. A
comprehensive review of glyph-based visualization for spatial multivariate med-
ical data is proposed in [177]. Glyph-based visualization has also been applied in
a wide range of domain specific data and tasks such as medicine [122, 146, 231],
software [53], text [176], literature [1, 43], computation [221], scientific visualiza-
tion [87, 104], geovisualization [18, 86, 115], sports [128], sensor data [13, 233], and
biology [135, 145].

5.2.4 Animation in Visualization

The effectiveness of animation in visualization has been a debatable subject. In
general, most agree that animation is an effective tool to aid learning and story
telling (e.g., for explaining algorithms [205], or volume visualization [222]). Pritzkau
et al. used animation for the visual boosting of scatter plots [165]. Farrugia and
Quigley [80] used animation for visualizing temporal graphs. Robertson applied
animation for presenting trends in multivariate data [173]. Ware and Bobrow [214]
used animation in motion coding for patterns.

5.3 Design Considerations

Enterprise search engines do not guarantee consistent and accurate search results.
For example, the search results often consist of false positives and false negative. In
addition, enterprise search engines normally present the search results in a list or
tabular view. These two short comings of enterprise search engines make it difficult

97



5. SEARCH RESULT VISUALIZATION

to (a) visually search for relevant files based on file attributes and (b) judge the
quality of the search results. We propose visualization techniques to addresses
these two difficulties (a) using glyphs to show multivariate information and (b)
focus and context visualization to enable spatial awareness and thereby enable the
identification of false positives and false negatives.

5.3.1 Multivariate Glyph

We considered many design options and finally selected a suitable design option
based on a number of criteria such as (a) ability to encode the important file at-
tributes, (b) discriminating capabilities when overlaying focus information on top
of contextual information (see Section 5.3.2), (c) discriminating capacities of differ-
ent visual channels, (d) metaphoric mappings for aiding learning and remember-
ing, and (e) encoding costs in terms of pixel resolution.

A detail description of the file system glyphs can be found in Section 5.4. We
considered four options (a) static dots, (b) cyclically-animated dots, (c) static glyphs,
and (d) cyclically-animated glyphs. We conducted a focus group study to select a
suitable option. A detailed description of the focus group study can be found in
Section 5.7.

5.3.2 Focus and Context

“Focus+Context start from three premises: First, the user needs both overview
(context) and detail information (focus) simultaneously. Second, information needed
in the overview may be different from that needed in detail. Third, these two types
of information can be combined within a single (dynamic) display, much as in hu-
man vision.” [38].

In order to display the search context (e.g., number of files, location of the files,
file system structure, attributes, etc.) we considered two design options (a) node-
link diagram and (b) treemap.

Using a node-link diagram, we can show some of the search space information,
e.g., number of files, location of the files, and its structure explicitly. Thereafter,
we can overlay the search results (as focus) on the node-link diagram using mul-
tivariate glyphs, showing more detail information about the search results. The
main drawback of node-link diagram is that it does not utilise the display space
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efficiently. In this work, we consider situations that involve large-scale distributed
file systems, where files are stored across different locations on a network.

Treemaps can offer a cost-effective means of displaying the contextual infor-
mation. Treemaps provide a compact display of directory hierarchy implicitly. It
also allows additional visual encoding of one or two file attributes such as size and
type. Because of the large number of files in such a file system, it is not feasible
to depict every file in a treemap. We therefore expect a treemap to show only 3-5
levels of the hierarchy rather than showing the complete recursion. Most treemap
elements will be folders rather than files in an overview. Hence a files may not be
mapped directly to an individual treemap element. Most likely, it is displayed as
an object on a treemap element, which is interpreted as a “file inside this parent,
grandparent or ancestor folder”. We can overlay the search result glyphs (as focus)
on the top of a treemap, showing more detail information about the search results.

5.3.3 Overview First and Details on Demand

In addition, the design implements the information seeking mantra: ‘Overview
first, zoom and filter, then details-on-demand’ methodology proposed by Schnei-
derman [191]. For example, using the zoomable treemap a user can zoom into a
specific region. The user can activate a tooltip window when the mouse pointer is
hovering over an object, showing detailed information, see Figure 5.5.

This visualization technique typically result in dense information presented to
the user. In dense visualizations, the user often cannot see the search results clearly,
as illustrated in Figure 5.1. Here, we discuss the challenges of visualizing context
information alongside large-scale multivariate data. However, existing techniques
make it difficult to depict such multivariate focus information overlaid on top of a
dense visual context such as a treemap.

5.3.4 Occlusion

Occlusion is a common problem in visualization. Occlusion occurs when two or
more visual objects overlap, thus impeding the perception of one or more of these
objects. As a result, users can misinterpret or fail to perceive the important de-
tails of a visual element. Occlusion becomes a major problem in large-scale data
visualization. As the density of data increases, the chances of overlapping two or
more visual objects rapidly grows. In Figure 5.1, we highlight the focus over a
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treemap context by assigning a primary glyph (dot) to each data point of interest
(the search result). A primary glyph could also display the multivariate informa-
tion. As the entire search space is large, each primary glyph representing the point
of interest will shrink to a small glyph. The main problem here is the occlusion
between the primary glyph and the background treemap. The occlusion makes
it difficult to perceive several portions of the treemap as well as primary glyph.
In large-scale information visualization, accuracy and response time are common
problems. When visual objects overlap with each other, it is difficult to perceive
the number of objects and their visual properties such as size, shape, colour, etc.
This can lead to a misinterpretation of data. The visibility of the primary glyph
could be improved by adding a secondary glyph, as shown in Figure 5.2. The sec-
ondary glyph could also encode several data attributes. However, as visual objects
overlap with each other, it is difficult to perceive the quantity, colour or shape of
numerous secondary glyphs.

The occlusion problem can be alleviated by using semi-transparent lines or by
colouring the boundaries. The glyph placement strategy is also crucial in achiev-
ing meaningful and enhanced glyph-based visualizations. However, these mod-
ifications may still fail when the dataset is large and focus and context are to be
visualized together. Glyphs that occlude each other or occlude large portions of
the treemap can easily counteract the information increase intended by their use.
Therefore, to minimize the glyph occlusion as well as to achieve a meaningful
and enhanced glyph-based visualization, we propose cyclically animated glyphs,
as shown in Figure 5.3.

5.4 Visual Mapping of Glyph

The glyphs in our system are composed of several visual channels presenting the
multivariate attributes associated with the EXT4 file system data. In an EXT4 file
system, the stat structure contains the inode information and stores 13 different
attributes related to a file. Encoding these 13 attributes in a single glyph posed
a significant challenge, mainly because (a) it requires a high pixel resolution to
encode all attributes; (b) visual channels would lose their discriminating capacity
under low-resolution conditions; (c) the visual context is dense, and (d) the time
attribute (time_t) contains multiple components: time and calendar date; hence,
two different visual channels are required to encode each time attribute.
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< KB segment

Day (28, 30, 31) segment

< MB segment

12 Month segment

Type

< GB segment

10 Year segment

10 Decade segment

< TB segment

80 px

Colourmap

Figure 5.4: File attribute glyph. Four different parameters (type, size, date and
time) are encoded into the glyph.

We began our design activities with a series of brainstorming meetings. In these
meetings, we identified the most commonly-used file attributes: type, size, time,
date and protection mode. We produced a table consisting of several optional vi-
sual channels for each file attribute. After several iterations, a suitable option for
each file attribute was identified on the basis of occlusion, clarity, visual separation,
metaphoric abstraction for aiding learning and remembering, and encoding costs
in terms of scalability. A schematic diagram of our final glyph design is shown in
Figure 5.4.

File type. Both colour hue and shape are effective visual channels for categorical
attributes. We considered shape as a visual channel for mapping the file types.
However, there is a strong interdependence between shape and size. When the
available display size is small, the number of discriminable variations for shapes
becomes small. File types are thus represented as saturated colours on a five-pixel
dot. We adapted the file categorization and colour-coding scheme of GNU/Linux,
and divided files into n categories, each is assigned to a light colour (assuming a
dark background). By default, we have 8 categories of files. Both the categorization
and colour mapping can be modified by users.

Size. The file size is a numerical attribute. We considered several design options,
including the area of a shape, and length of an arch. However, a file system consists
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of diverse varieties of different sized files. The same visual channel cannot support
discriminable variations at the gigabyte level as well as the kilobyte level. We thus
divided a value of file size into four components, 0-999 bytes, 0-999 kB, 0-999 MB,
0-999 GB. Each component is shown as a pale yellow pie segment at one of the
four quadrants of the glyph. This enables users to focus selectively on a specific
quadrant, for instance, in searching for a specific range of sizes, or for comparing
file sizes indicated by different glyphs. For file size of a TB or above, we replace
each yellow segment with a red segment, such that TB in place of bytes, PB in place
of KB, EB in place of MB and ZB in place of GB. The radius of the pie segment is
40 pixels and the spanning angle is 70◦.

Time. The clock metaphor is a natural choice for encoding the time attribute. We
explored several designs of the metaphor based on a pointer moving around a cir-
cular object. In order to cover the range of [00:00:00, 23:59:59], we used a spiral to
facilitate the 720◦ rotation of the pointer. Because it is not intuitive to determine
which half of the range the inner (or outer) circular segment represents, we added
a metaphoric colour map. As shown is Figure 5.4, the continuous colourmap fea-
tures black, orange, yellow and cyan at the 0, 6, 12, 18 hour positions, symboliz-
ing night, morning, noon and afternoon respectively. The combination of spiral
location and colour symbolism provides a dual visual encoding of time for fault
tolerance in perception. The largest and smallest diameter of the spiral is 38 and
30 pixels respectively.

Date. The date attribute in a file system is normally displayed in text using one
of the international or regional formats (e.g., YYYY-MM-DD). In the context of file
searching, it is more useful to encode the age of a file, i.e., the interval between the
date of searching and the record date of creation (or last modified/accessed). The
main challenge in visually encoding the date attribute is the large range of values,
and different search tasks usually focus on a specific range. We thus adopted a de-
sign concept similar to that for size. We divided file ages into four categories: day,
month, year and decade. A translucent grey ring of 40 pixels in diameter is divided
in four quadrants. The first quadrant represents the range of 0-31 days, the second
0-12 months, the third 0-10 years, and the forth quadrant 0-10 decades. A non-zero
value in each quadrant is encoded as the length (or degree) of a coloured circular
arc, extending clockwise. We considered the option to display creation, modifi-
cation and access time/date all together simultaneously. However, we could not
find a suitable mechanism to separate these six attributes visually. Therefore, we
decided to show one attribute for date and one for time, with an option for users
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to choose different attributes.

Protection mode. The protection mode attribute is composed of nine access per-
missions for [read, write and execute] × [user, group and others]. We tried out a
number of design options. They all resulted in noticeable visual clutter. We thus
decided not to consider glyph encoding of the protection mode in this chapter,
though we have implemented one design in our system as an option requiring
explicit activation by the user.

In our user interface, glyphs are displayed on top of a squarified treemap [33]
showing the search space. The default search space is set according to the access
status of a user, e.g., the entire file system for a superuser. The treemap displays the
top k-levels of the search space. As this chapter focus on large-scale distributed file
systems, we assume that not all files or directories in the search space can be rep-
resented by the treemap. For example, our testing environment (simulated data)
consists of more than 500,000 files. We thus use the colours dark green and purple
to represent directories and files respectively. We indicate different directory levels
through the use of different shades of green and purple, with lighter shades indi-
cating higher levels, and darker shades indicating lower levels. The default depth
k is set to 3.

Once the user enters their search criteria, the results of the search are shown as
glyphs overlaid on top of the treemap, as shown in Figure 5.5 (a). This figure shows
more than 200 search results on top of a treemap with five levels. The zoomed view
of a region shows around 17 results associated to the region zoomed here, shown
in 5.5 (b). As this study also includes static dots, cyclically-animated dots and
cyclically-animated glyphs, these are all options available through a visual mapping
dialog. The dialog window is used mainly to define the mapping of file attributes
to visual channels of the glyphs. For cyclic animation, there are additional options
for choosing the animation style and adjusting the animation tempo, which will be
discussed in the next section.

5.5 Cyclically Animated Glyph (CAG)

One potential drawback of static glyphs is the occlusion of the dense contextual
information in the treemap, such as the density, partition and colour shade of
treemap cells. One objective of this chapter is to examine if cyclically animated
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(a) Focus (glyphs of files) and context (treemap) view shows the distribution of the
search results in search space. Now, we zoom into the region Canada (top-right).

(b) The zoomed view shows the zoomed area (Canada) and the results (using big-
ger glyphs). A tooltip window displays the multivariate information in text that
is activated by hovering the glyphs. Green and purple colour represent directories
and files respectively. Different saturation of green is used to highlight filesystem
depth.

Figure 5.5: Visualization of file search, featuring glyphs for search results (focus)
and a treemap for the file system (context).
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glyphs can alleviate this problem by allowing context and focus to share a tempo-
ral visual channel. The introduction of cyclic animation may lead to issues that are
not associated with static glyphs. These issues include animation style and tempo
control. The latter is defined by a temporal transfer function. It is important to note
that although the human visual system is finely tuned for detecting peripheral
and non-peripheral motion as well as motion signatures (e.g., motion frequency
and direction) [228], the animation in our study is solely for alternating focal and
contextual information and for attracting attention. The temporal patterns of the
animation do not encode additional information.

Animation Style. We considered several animation styles, namely changing size,
colour, and opacity. Because colour is a highly attentive visual channel while the
perception of colour encoding is easily confused, we ruled out colour-based ani-
mation at an earlier stage of the design. Both size and opacity based animation
have their relative merits and demerits. In addition, whereas a single animation
style can be applied to a glyph, one can also apply different animation styles to
different visual channels of a glyph.
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Figure 5.6: Design options of temporal transfer functions. Each TTF is shown as
a time series, with x-axis shows the normalized time, and y-axis shows the switch
between focus (1) and context (0). The five TTFs in each row represent different fo-
cus/context ratio, while the three rows represent different transition periods from
minimum to maximum. The values of transition periods are 0, 300, and 375 ms.
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Temporal Transfer Functions. In cyclic animation, temporal transfer functions
(TTF) are used to control the tempo of the changes of a visual channel over time.
The TTF should be carefully designed so that users can perceive both the focus
(i.e., glyphs) and the context (i.e., the treemap) comfortably. Each TTP defines the
overall cycle length of the animation, which is divided into four subsections: (a)
context only, (b) transition from context to focus, (c) focus only, and (d) transition
from focus to context. Smooth transitions and an adequate repeat rate are obvious
criteria for an acceptable animation. If the overall length or any subsection length
is too long, the user may be impatient about waiting for the switch between the
focus and the context. If the cyclic frequency is too high, the user may not have
sufficient time to observe the visually-encoded information in either the focus or
the context [85]. Furthermore, if the transition is too abrupt, the glyphs may irritate
the user. If the transition takes too long, it is wasteful in using the temporal band-
width as the visual information during the transition is least useful. Figure 5.6
shows various design options for the TTF, which were identified in a pilot study.
We realized that discovering an optimized TTF is a non-trivial task. It would vary
from one person to another, and from one visual channel to another. Nevertheless,
it would be better to collect some quantitative data to guide the design of TTF in
addition to the qualitative judgement of the research team.

5.6 Pre-development Empirical Studies

In this section we report three empirical studies that were designed to investigate
the effects of temporal transfer functions on the perception of cyclically-animated
glyphs (CAG), and to collect quantitative experimental data to guide the design
and implementation of CAG. With relatively optimized settings for CAG, it would
make the comparison with other design options (i.e., static dots, cyclically-animated
dots, and static glyphs) reasonably fair. The comparison will be reported in Section
5.7.

The three pre-development studies were conducted as controlled experiments.
Experiment One examined the effects of different TTFs on the perception of con-
textual information occluded by a glyph. Experiment Two examined the effects of
different TTFs on the perception of focal information when the glyph is animated.
Experiment Three examined the just noticeable difference (JND) of a visual channel
when the glyph is animated. Experiments One and Two were designed mainly to
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help find the most effective TTF whereas Experiment Three was designed mainly
to discover the JND.

Participants were presented with the experiments in the same order, i.e., Ex-
periments One, Two, Three. All experiments used a “2 Alternate Forced Choice”
(2AFC) design in which participants were required to select one option from two
possible options presented on screen. All three experiments used randomly-ordered
simple stimuli to minimize confounding effects. Example stimuli of these three ex-
periments are presented in Appendix B.

5.6.1 Controlled Experiment One

This experiment examines the effects of different TTFs on the perception of contex-
tual information. Based on the file search scenario, the stimuli of the experiment
shows a small treemap, and its central region is occluded by a CAG. Each stimulus
is shown with one of the 15 TTFs in Figure 5.6. Given that the glyph will cyclically
animate until a selection is made, it was anticipated that the TTFs of the CAG will
have no reliable effect on the accuracy. However, an effect of TTF on response time
was anticipated.

Participants. 16 participants (14 male) took part in this experiment in return for a
£10 voucher. Participants were recruited from the postgraduate student and staff
communities. All participants had normal or corrected to normal vision and all
were naive as to the aims of the study.

Apparatus. The experiment was conducted in a well-lit computer lab, lit uniformly
by overhead fluorescent lighting. Stimuli were presented on a Dell Ultrasharp
24 inch IPS widescreen monitor at 1920 x 1200 resolution and 32bit colour depth,
using Fedora GNU/Linux 17. Computers had an Intel i-5 3.3GHz Processor, and
4GB RAM. All three experiments were presented to participants using the same
computer.

Stimuli. Stimuli consisted of a simple treemap (400 x 400 pixels), comprising a
white background and black border lines, see Figure B.1. At the center of the
treemap was a smaller region (60×60 pixels). Superimposed over this region was
a CAG with an opacity-based animation controlled by different TTFs. Below this
treemap were two smaller images (60×60 pixels), one of which (randomly drawn
from 20 different patterns shown in Figure B.2) matched the occluded region at the
center of the treemap.
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Figure 5.7: Results of the Controlled Experiment One.

Procedure. Participants completed a total of 150 trials, with which each of the
15 TTFs were randomly presented 10 times. Once participants had made their
choice, there was an inter-stimulus interval of 250ms, during which time the screen
was filled with white noise. Following this the next stimulus was presented. This
sequence was repeated for all trials. After every 50 trials, a message was presented
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advising participants to take a short break.

Results. Accuracy data (Figure 5.7) shows all participants achieved 96% or above,
with very little differences between the TTFs. A one-way repeated-measures ANOVA
confirms this (F(14,210) = .741, p = .731). Response Time data (Figure 5.7) shows
clear differences between TTFs, confirmed by a one-way repeated-measures ANOVA
(F(14,210) = 34.274, p < .001).

Discussion. Observations from this experiment confirm our hypothesis that there
will be no effect on accuracy of the CAG due to occlusion. Further, the response
time data demonstrates the advantages of the use of well-designed TTFs, as par-
ticipants showed faster response times for TTFs with smooth transition between
focus and context (e.g., TTF 6-15) TTFs with abrupt transition (TTF 1-5) resulted in
slower response time.

5.6.2 Controlled Experiment Two

This second experiment examines the effects of TTF on the perception of focal in-
formation encoded in a CAG. We selected size as the visual channel to study as
different channels would require separate experiments. The participants and ap-
paratus are the same as in Experiment One.

Stimuli. A total of 150 stimuli were used for this experiment. Each stimulus is
comprised of two white boxes with thin black borders. At the center of each box
was a CAG, see Figure B.3. The glyphs and TTFs used were the same as those used
in Experiment One.

Procedure. Participants were asked to judge which of the two glyphs on screen
was larger. Selection was made using the ‘D’ key for the left image, and the ‘K’ key
for the right image.

In this experiment, we used six different stimuli of size 15, 20, 25, 30, 35, and
40 pixel (see Figure B.4), such that the size difference between each glyph was
systematically varied to be 5, 10, 15, 20, and 25 pixels, with these differences being
randomly assigned. Each trial was followed by an inter-stimulus interval of 250ms
during which time the screen was filled with white noise. As with Experiment
One, 15 TF’s were tested, with each TF being tested 10 times. This led to a total of
150 trials. After every 50 trials, participants were advised to take a short break.

Results. Accuracy data (Figure 5.8) shows the expected reliable differences as
a function of size difference, with accuracy decreasing as the size difference de-
creased (F(4,60) = 3.222, p = .018). Consistent with Experiment One, data shows
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Figure 5.8: Results of the Controlled Experiment Two (D5: 5 pixels difference, D15:
15 pixels difference, and so on).

no reliable differences in accuracy between the TTFs. Response time data (Figure
5.8) shows the anticipated decreases as a function of size difference, with larger
size differences recording decreased time (F(4,60) = 17.929, p < .001). More im-
portantly, the response time data shows reliable differences between TTFs groups
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Figure 5.9: Results of the Controlled Experiment Three.

(F(14,210) = 41.022, p < .001). Figure 5.8 shows the response time data of the three
TTF groups, i.e., 1-5, 6-10, and 11-15 (Figure 5.6). The data for each group is further
divided into sub-groups based on the size differences between two glyphs in each
stimulus.

Discussion. Experiment Two has shown no effect on focal information in terms of
accuracy when using CAG. As Experiment One has shown no effects on contextual
information in terms of accuracy, these findings confirm that cyclic animation can
facilitate the observation of information in focus as well as occluded contextual in-
formation. Similar to the finding in Experiment One, TTFs with smooth transition
resulted in faster response time in most cases, except it is less conclusive when the
size difference is small.
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5.6.3 Controlled Experiment Three

This third experiment was designed to establish the just noticeable difference (JND)
when a glyph is animated. We selected arclength as the visual channel to study as
different channels would require separate experiments. Initially a minimum dif-
ference of 2◦, and a maximum difference of 30◦ with 2◦steps was planned. After a
pilot study showed little difference in accuracy above a difference of 15◦, the min-
imum difference was changed to 1◦, and maximum to 20◦, with increments of 1◦.
The apparatus used for this study was the same as that used in the previous two
experiments.

Stimuli. A total of 200 stimuli were used for this study. Each stimulus contains two
rectangular white boxes with thin black borders. At the center of each box was a
glyph, comprising a grey circle (diameter 60 pixels) made of a thin line (5 pixels
width), see Figure B.5. A coloured arc of 5 pixels in width would move around the
circumference of a grey circle from zero to a maximum arc length before returning
to the start position. All animated stimuli used TTF No. 15 in Figure 5.6.

At first a stimuli with rotation 10◦to 350◦(Figure B.6 (a)) is randomly generated
and randomly placed in the left or right window. We avoid 90◦, 180◦, 270◦, and
360◦to avoid confounding effects. A delta value between 1◦-20◦(Figure B.6 (b)) is
randomly chosen. A second stimuli subtracted the delta from the first and was
placed on the other window.

Procedure. Participants were tasked to identify which line moved farthest around
the circumference of the circle. The difference between the two distance was sys-
tematically varied from 1◦ to 20◦ in 1◦ increments. Participants made their selec-
tion using the ‘D’ key for the left-hand image, and the ‘K’ key for the right-hand
image.

Results. Accuracy data (Figure 5.9 (a)) shows an increase in recorded accuracy as
size difference (◦) increases. A one-way repeated-measures ANOVA confirms this,
reporting a main effect of size difference on accuracy (F(19,285) = 12.042, p < .001).
Response time data (Figure 5.9 (b)) shows corresponding decreases as size differ-
ence increases. A one-way repeated-measures ANOVA confirms a main effect of
size difference on response time (F(19,285) = 12.342, p < .001).

Discussion. For the JND analysis, Figure 5.9 indicates one linear band in the line
plot for the animated arc channel at 4◦-20◦. An estimation of 75%-JND for the
animated arch channel is about 4◦.
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5.6.4 General Discussion

Overall, we can make a number of observations from these three experiments. (a)
Using different TTFs has limited effects on the accuracy of the participants’ perfor-
mance. (b) Using TTFs with different transition settings has noticeable effects on
the response time of the participants’ performance. (c) Smooth transitions in TTFs
is more advantageous than abrupt transitions. (d) The estimated JND values for
animated arc channels offer a useful guideline in using such channels in glyph de-
sign. It is highly desirable to collect more JND values for other visual channels. In
general, the three pre-development experiments have offered useful quantitative
data for identifying a good temporal transfer function to be implemented in the
system, and offered a reasonably fair basis for the post-development evaluation.

5.7 Post-development Evaluation

5.7.1 Organization

After implementing a file search interface with four different design options, namely
(a) static dots, (b) cyclically-animated dots, (c) static glyphs, and (d) cyclically-
animated glyphs, we conducted a further empirical study to compare these four
design options. Although such a study may theoretically be carried out in the form
of controlled experiments, the range of factors that may affect the user performance
is rather extensive. As there has not been any previous study on this topic, the first
step of evaluation was in fact to establish a list of such factors. We thus chose one
of the commonly-used qualitative research methodologies, focus group discussions.
The participants were 10 individuals from the staff and postgraduate student com-
munities. All had experience of using search facilities currently available in vari-
ous file systems. We organized 10 participants into two equal-size group meetings
with the same schedule plan to achieve a proper balance between collective views
from the group and strong voices within the group. It also gave a good balance
between learning visualization techniques and offering opinions.

Introduction (20 minutes). Each meeting starts with a 20 introductory presen-
tation. Participants were informed of the overall goal of the system, application
scenarios, and objectives of the meeting. They were then introduced to the con-
cepts of treemap and glyph-based visualization. They were shown four design
options, each is accompanied by a relatively comprehensive list of possible pros
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and cons compiled by the research team. The word “possible” was emphasized to
avoid leading the participants. By giving a balanced list of possible pros and cons,
participants were made to feel that they were being consulted rather being tested.

Survey (20 minutes). Following the introduction, participants were asked to com-
plete a questionnaire with 14 questions, see Section B.2. This allowed us to collect
views from every individual participant in an equal manner, and to compile them
into a coherent set of collective views. The 14 questions, which were given in the
supplementary materials, were divided into four groups, namely (a) static dots
vs. animated dots, (b) static dots vs. static glyphs, (c) static glyphs vs. animated
glyphs, and (d) animated dots vs. animated glyphs. When answering the ques-
tionnaire, example visualizations were shown side-by-side using two projectors.

Open Discussions (50 minutes). Following the questionnaire session was an open
discussion session, during which participants were encouraged to offer feedback
and comments relating to design issues, especially those were not covered by the
questionnaire. In both meetings, the discussions were lively, and some participants
were highly enthusiastic in offering their opinions and suggestions.

5.7.2 Survey Results

Static dots vs. animated dots. The results of the static dots vs. animated dots. are
presented in Figure B.7. Results show a strong preference towards animated dots.
80% of participants expressing such a preference, only 10% of participants prefer-
ring static dots, and 10% no clear preference. 40% of participants rated animated
dots as either mildly annoying, or annoying. This indicated that cyclic animation
can provide additional attentive power, which is necessary for identifying small
objects distributed around a treemap.

Static dots vs. static glyphs. The results of the static dots vs. static glyphs are pre-
sented in Figure B.8. The results indicate a willingness to learn the visual encoding
of the glyph (90%), even though many found such learning and remembering to
be difficult (70% and 60% respectively). Many (60%) agreed that glyphs will be
advantageous when one needs to perform 20 or more searches per day .

Static glyphs vs. animated glyphs. The results of the static glyphs vs. animated
glyphs are presented in Figure B.9. Results show a general preference for static
glyphs. Most found easier to identify individual search results (60%), and see indi-
vidual file attributes (70%). Most rated animated glyphs as either mildly annoying
or annoying (80%).
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Animated dots vs. animated glyphs. The results of the animated dots vs. ani-
mated glyphs are presented in Figure B.10. As expected, there was little difference
when asked which afforded better views of the underlying directory structure,
with 50% and 40% rating animated dots and animated glyphs respectively as giv-
ing the best view.

5.7.3 Summary of Open Discussions

The open discussion session (about 20 minutes) was recorded in order to transcript
their views more accurately. No written statement was taken, but the participants
were encouraged to write down any additional comments and suggestions. In the
general discussions, we were interested in their comments and suggestions about:

(a) The design of glyphs, including but not limited to visual encoding for different
attributes, overall glyph size, use of colours, and so on.

(b) The timing of the animation for dots or glyphs.

(c) If there is irritation or annoyance with animated dots or glyphs, how can it be
alleviated?

(d) Mechanisms for leaning and remembering glyph encoding.

(e) Any other important aspects.

During the discussions, participants asked several questions on the visual en-
coding of the glyph and showed much interest to learn. Many participants learned
the visual encoding very quickly, and made informed suggestions about various
design aspects. For example, one participant pointed out that the visual encoding
of the size attribute should support file sizes of a terabyte or more. We accom-
modated this suggestion in a revised design. Some participants pointed out an
important factor that even without any animation a glyph is easier to see than a
dot, due to the size factor. Naturally, there were some suggestions about our use
of colour. A few suggestions led to debate among participants.

The participants made a number of positive comments. In particular, visualiza-
tion can be useful to quickly interpret the search results and their location in a file
system instead of reading any detailed text. Some expressed that in a traditional
file system search, when the search results were displayed then they had to go
through each result one by one. Sometime locating one result required navigating
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through many levels of hierarchy. Repeatedly performing such tasks was a very
tedious job. The new visualization could eliminate this problem, and therefore
could be very useful.

A fair amount of discussion was focused on the concept of treemaps as the
background context, with some participants finding it difficult to appreciate the
usefulness of a recursive directory-based cell layout versus their own alternative
suggestions such as a calendar layout. The discussion also confirmed that ani-
mated dots were helpful as static dots were difficult to see, whilst views on the
animated glyphs remained negative. Many participants considered that even as
animation frequency was slowed, animation could still prove to be distracting.
Some participants suggested providing options for switching on and off individ-
ual visual channels as reading and comparing a specific attribute could be easier.

5.8 Conclusion

We have conducted a study on glyph-based visualization over dense visual con-
text. We used file search in a large file system as the scenario to facilitate the explo-
ration of various design options as well to provide a frame for the four empirical
studies. The three controlled experiments have provided the first set of quanti-
tative data for optimizing temporal transfer functions. They have also confirmed
the fact that participants can perceive focal information and occluded contextual
information with an appropriate temporal transfer function.

Our empirical work showed a number of important findings relating to the
use of CAG. Most importantly, we showed in Experiment One that the use of ani-
mated glyphs as focus had no negative effect on performance in terms of accuracy
for context information. Similarly, Experiment Two showed no negative effect on
performance in terms of accuracy for focus information.

Our consultation with the potential users in a focus group study has indicated
the following: (a) Users are generally willing and able to learn glyph encodings if
the task of file search needs to be performed frequently in a large file system. (b)
Users generally prefer cyclically-animated dots and static glyphs in comparison
with static dots and cyclically-animated glyphs. (c) Potential users are in agree-
ment that static dots are ineffective in supporting visual search due to their limited
visibility, and (d) Most of users may find cyclically-animated glyphs irritating in a
visual interface, though they can be a workable option for some.

116



5.8. CONCLUSION

The next chapter focuses on the visualization of provenance information related
to the searches collaboratively performed by administrators.
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6.1 Introduction

File search is an explorative process, during which a user progressively refines
search criteria by observing and learning from successes and errors in the earlier
search results. Visualization-assisted search tools have been found to be effective
in supporting search activities, e.g., assisting in iteratively reformulating queries
and visualizing search results (e.g., in Web search [66]). The quality or validity of
data can be examined or reviewed in the context of its original source and trans-
formations over time [37]. The historical information that need to be captured over
time to support that process is called “Provenance Information”. Search and explo-
ration processes can further be supported by using provenance visualization [36].
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This work was conducted in the context of an industrial application, where in-
tensive file search is part of an industrial process and is to be performed by a team
on a daily basis. As the total number of files related to projects could easily be in
tens or hundreds of thousands, and many are distributed among different teams
and stakeholders in the company, the need for file search in a large distributed file
system becomes inevitable. As part of a feasibility study led by a large construction
enterprise, we developed a prototype system that provides visualization-assisted
search capabilities. The objective is to enable the enterprise to assess the merits of
visualization in comparison with two other approaches, database without visual-
ization and search engine without visualization.

In Chapter 4, we presented an enterprise search engine, enabling the exper-
imentation with visualization facilities. Thereafter, in Chapter 5 we presented a
glyph-based visual interface for visualizing search results in conjunction with a
treemap. Following this early development, in this chapter we focus on develop-
ing a Search Provenance Visualization capability that allows users to explore search
criteria (i.e., their hypotheses), and to reformulate search criteria progressively. It
is necessary to note that the goal of a user’s task is not to formulate the best set
of search criteria, but to work efficiently in collaboration to find all required files.
Once all the required files have been found, the user will likely stop the process
even if the best set of search criteria has not been found. In many cases, the best
strategy may be to find a complete collection of the required files using a small
number of queries even though the search criteria for each query may not be opti-
mal. Meanwhile users’ experience of previous projects will play a significant role
in formulating search criteria and an effective search strategy. When a search pro-
cess takes a few days and/or involves more than one administrator, visualization
support for search provenance is essential.

The main contributions of this chapter are:

• We have introduced a graph structure called Search Provenance Graph (SPG)
for recording the search provenance in individual projects and for enabling
provenance visualization.

• We have proposed an algorithm for computing semantic similarity (using
ontologies) in constructing and updating SPGs.

• We have developed combined glyph-graph visual representations for visual-
izing SPGs.
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• We have worked closely with a management team in the industrial partner
to compare three approaches for supporting enterprise search operations,
and assisted the industrial partner in making a strategic plan for meeting the
new BIM requirements to be implemented in 2016 [206]. Our visualization-
assisted approach compared favorably with alternative approaches under in-
vestigation.

6.2 Related Work

Our work builds mainly on two areas of research (a) Information Retrieval (IR):
search strategies, query reformulation, and query similarity measurement, and
(b) Visualization: visualization-assisted search, provenance visualization, ontology-
assisted visualization, and glyph-based visualization.

6.2.1 Search-related Visualization

Many research papers have been published by the visualization and IR communi-
ties on navigation and exploration of the Web information space.

VisGets [66] was developed to visualize different Web search attributes, to as-
sist in formulating search queries and to visualize search results using interactive
geographic maps and tag clouds. Applications of VisGets to a variety of Web data
collections were demonstrated in [69]. An empirical study on interactive and vi-
sual exploration of the Web using VisGets was reported in [70]. Fluid Views [67]
allows users to view Web search results geographically and temporally in dual lay-
ers. PivotPaths [68] allows users to explore datasets with a variety of relation types
across various dimensions. A Voronoi treemap to organize search results was pro-
posed in [153]. ProjSnippet [91] visualizes web search results in a global view and
provides a clustering technique for identifying similar content. The similarity mea-
surement used in this work is based on the vector space model. Footprints [109]
was developed for analysts to help them search documents and articles.

6.2.2 Provenance Data Visualization

Ragan et al. reviewed the provenance information-related articles published in
both visualization and data science literature in [166]. They discussed different
types of provenance information (e.g., data, visualization, interaction, insight, and
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rationale) and its use cases (e.g., for recall, replication, action recovery, collabora-
tion, presentation etc.). This review provided a systematic method for organiz-
ing and comparing systems supporting provenance, and their design evaluations.
Kreuseler et al. [124] proposed a tree structure to represent change histories of an
exploratory data mining application. They also described a mechanism to calculate
undo and redo operations in this tree structure.

The visualization technique commonly used for provenance data is the node-
link diagram [37]. For example, such diagrams are used for visualization work-
flows in VisTrails [16, 36, 184], scientific workflows in [23], and biological experi-
ment workflows in [134,135]. They are also used in provenance management tools
such as Haystack [107], Probe-It [58], and Orbiter [133]. These node-link diagrams
feature a variety of visual encoding methods, such as including directed graphs
[58, 107], collapsible summary nodes [133], and glyph representations [134, 135].
Dunne et al. proposed visualization of analytic provenance in [75]. Borkin et al. [29]
proposed the InProv tool which employ a radial layout with hierarchical encoding
of the time dimension. Walker et al. proposed a XML-based provenance model
to support data exploration and to visualize provenance in the context of Human
Terrain Analysis in [209].

6.2.3 Search Provenance or Log Visualization.

Web search activities generate query logs [229], usability logs [92], and web click-
streams [219]. The SDSS Log Viewer [229] was developed for identifying users’
data-seeking behaviors from SQL query logs. Clickstreams [39, 127] supported
the analysis of Web traffic and users Web path navigation behavior [51]. Behav-
ior Graphs [39] used state diagrams to visualize search structures on the Web for
discovering usage patterns. WebQuilt [216] and Webviz [163] used trees and node-
link diagrams to visualize click-streams. Lee et al. [127] used parallel coordinates
and star fields to visualize user paths and product performance. Wei et al. [219]
introduced an interactive clustering method to reveal user behavior patterns from
Web click-streams data. TrailExplorer2 [187] used stacked bars and pie charts to
discover valuable information from large-scale Web click-streams. Lam et al. [101]
provided users with multiple coordinated views for analyzing Web search behav-
iors. Shi et al. [188] focused on analyzing the dynamics of user loyalty and defec-
tion using Web log entries. Stuff I’ve Seen [74] was developed to provide a unified
access to provenance of what a user has seen on their desktop.
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Figure 6.1: In a traditional query-flow graph, each node represents a query and
the weight wi,j of the directed edge from Qi to Qj represents the likelihood that the
two queries are part of the same search session.

6.2.4 Ontology-assisted Visualization

There is a substantial amount of literature on visualizing ontologies and navigating
their structures. Many of them can be found in the survey paper [117]. The need
to build an ontology of visualization to capture the concepts and characteristics of
visualization was discussed in [73]. VisIOn [170] was developed for categorizing
and storing information about software visualization systems. Gilson et al. [90]
proposed to use multiple ontologies to enable automated generation of visual-
ization. Carpendale et al. [40] discussed several research directions in ontology-
assisted visualization. Ontology-assisted visualization has also been developed in
applications such as biology [8, 64, 99], Big Data [197], social networks [202], geog-
raphy [132] and so on.

In information retrieval domain, majority of provenance visualization tech-
niques are used and focused upon improving Web marketing, advertising, and
merchandising. Therefore, it is essential to develop search provenance visualiza-
tion techniques to in assist users in search. It is also essential to support provenance
with ontology-based knowledge support.

6.3 Search Provenance Graph (SPG)

Provenance information is usually stored in a graph-based data structure. For ex-
ample, five different types of query graphs were defined by Baeza-Yates [12] in the
context of web search: (a) Word Graph queries contain the same word(s), (b) Session
Graph queries belong to a same session, (c) Cover Graph user clicked on the same
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Figure 6.2: In the overall SPG, there are different types of nodes and edges. The
nodes are hierarchically organized.

results, (d) Link Graph there is a link between the two clicked urls, and (e) Term
Graph there are k common terms in the contents of the urls.

Boldi et al. [25] proposed the query flow graph to store statistical and relational
information about users’ querying behaviors, e.g., interests, preferences, and feed-
backs to search results. It is constructed by mining query logs, and it is used for
query log analysis, user profiling and personalization, and query recommenda-
tion. Figure 6.1 shows a query flow graph, where each node represents a query
and each directed edge from query Qi to query Qj indicates the likelihood that the
two queries are part of the same search session. The likelihood is given by the
weight wi,j associated with each edge.

The above mentioned graph-based concepts cannot be directly used for rep-
resenting provenance of search activities in the context of this work. Firstly, the
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provenance in our application is project-based, as described in Section 3.2. It is im-
portant for each administrator or a small team of administrators to be aware of the
provenance of search activities related to a specific project, while the search activi-
ties within a project do not benefit much from the aggregated statistics about many
other projects. Secondly, the provenance data need to provide details such as who
initiated what queries and when, who is reformulating whose previous queries,
etc. We thereby introduced the notion of Search Provenance Graph (SPG).

In a SPG, each query is represented by a node that is associated with attributes
such as search query, time-stamp, search results, and selected results. Each edge
indicates a connection between two queries. There are two types of connections.
An explicit connection is typically activated within a search session when a user
reformulates a query based on his/her own previous query(s). It can also be ac-
tivated in a subsequent search session when a user selects another user’s search
query using the provenance interface as the basis for query reformulation. Hence
an explicit connection is inserted by the user interface for search and provenance
visualization. An implicit connection is inserted into the SPG by a housekeeping
program that periodically computes the similarity between nodes in an SPG.

Explicit connections indicate that the administrators formulated queries based
on each other, i.e., collaborated well with each other. On the other hand, the degree
of implicit connections indicate repeated searches, thus suggesting that collabora-
tion can be improved.

The overall SPG is maintained by the enterprise search system, and it is parti-
tioned into disjoint subgraphs, each of which is associated with a project. Within a
project subgraph, there are a list of users (i.e., file administrators), and their search
activities are individually recorded.

As illustrated in Figure 6.2, we can thus define the notion of the SPG as follows.
The overall SPG is graph ΦP = {P, U, Q, Epu, Euq, Ee, Wi}. P is a set of nodes rep-
resenting different projects. U is a set of nodes representing different users within
each project. If the same administrator is involved in multiple projects, he/she
has a distinct node for each project. Q is a set of nodes representing the queries
performed by users. Epu is a set of directed edges connecting from each project
to its users. Euq is a set of directed edges connecting from each user to its first
query in the project. Ee is a set of directed edges representing explicit connections.
Wi is a set of undirected weighted edges representing implicit connections. The
weight of an edge defines the similarity between two nodes. It is in the range of
[ωmin, 1] where 0 < ωmin < 1 is the minimal similarity value for an implicit con-
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nection. Any pair of queries with a similarity value below ωmin do not have an
edge between them. In this project, we set ωmin = 0.4, which can be reconfigured.

The connections from the root to projects are implicitly defined since all projects
are connected to the root. There are two types of explicit connections in set Ee. A
solid directed edge connecting two nodes in Q implies that the destination query
is a reformulation of the source query. A node with multiple incoming solid edges
results from a reformulation based on more than one previous query. A dotted
directed edge indicates that the succeeding query is not based on a preceding node
though they are temporally consecutive. An undirected translucent edge is an
implicit connection. In computer-generated visualization, the similarity is mapped
to the opacity of the edge.

There is also a special type of nodes in Q. It is illustrated in dark shade in Figure
6.2, and represents a set of late discoveries, which are files found by the Crawler,
rather than the Query Processing module.

The overall SPG is dynamically updated during the ongoing search sessions
as well as by the background utilities such as the Crawler and the housekeeping
program for evaluating the similarity between nodes. In order to support such
dynamics, many parts of the enterprise search engine have a role to play, which
are described in the following section.

6.4 Computing Query Similarity for SPG

Query similarity defines the implicit connections in the SPG. In IR , session and
textual features (e.g., TF*IDF, cosine similarity, Jaccard’s index, character-level 3-
grams and Levenshtein distance) have been used to compute query similarity
(e.g., [26,27,91,232]). Fast Algorithms for mining association rules as query similar-
ity is reported in [84]. Among these, the TF-IDF and cosine similarity measure has
been widely applied to content matching scenarios. These simple similarity mea-
sures can deliver reasonable accuracy. However, it is well understood that many
do not include any semantic comparison. Problems arises when synonymies such
as “building” and “construction” would be considered as not similar by these mea-
sures.

In our system, a search query consists of four fields: keyword, type, size, and
date. The keyword field must contain at least one search term, while other fields
can be set or left empty. In this work, we implemented a similarity function that
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computes the score based on all the four fields of the query. In particular, the key-
word similarity is computed with the help of the knowledge base of the enterprise
search engine.

6.4.1 Keyword Similarity

For measuring the similarity between two strings, we introduced a semantic sim-
ilarity measurement supported by the Term Ontology, which is part of the multi-
ontologies described in Section 4.4.1. We propose a similarity algorithm adapted
from [167, 200]. This algorithm follows two steps:

Step-1: Keyword Graph Construction. Given two queries Qx and Qy, we derive
two sets Kx and Ky, which contain the keywords or terms from the queries such
that Kx ⊂ Qx and Ky ⊂ Qy Elements of Kx and Ky are considered as two disjoint
sets and each element can be represented as a node to build a semantic connectiv-
ity between the queries. Each node in Kx is connected to every node of Ky in the
Term Ontology, if there are no connection the distance is considered as ∞. By omit-
ting the intermediate related nodes and considering only the path length between
the nodes representing the original query terms, the semantic network can be con-
sidered to be a bipartite graph. The nodes of the first query and second query are
the two vertex sets of the bipartite graph where the edge denotes the connection
between the nodes as obtained from the semantic network.

The keyword graph is a complete weighted bipartite graph defined as ΦK =

{Kx, Ky, W}, where W ⊆ Kx ×Ky × [0, 1] is a set of weighted edges. This seman-
tic graph is used to compute the similarity between the queries.

For every pair of nodes, (si ∈ Kx and dj ∈ Ky), a function λ : w ∈ [0, 1]
computes the weight between si and dj. For each node si ∈ Kx and dj ∈ Ky we
calculate the shortest_path(si, dj) a set of weighted edges representing the shortest
path between si and dj in the Term Ontology. Let w1, w2, . . . , wk be the weights on
the k edges connecting si and dj. The connectivity is determined by an aggregate
weight between a source node si and a destination node dj. The aggregated weight
λ(si, dj) is computed as follows:

λ(si, dj) =
k

∏
l=1

wlρ(l)

where, ρ(l) is a step function that moderates the impact of the weight according
to connectivity between node nl and edge l. A commonly-used step function is
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ρ(l) = lα, α ≤ 0. As l ∈ [1, k] is an integer variable, the function appears to be
stepping-down or horizontal (when α = 0). We set α = 0, i.e., ρ(l) ≡ 1, in this
work.

Alternative step functions may also be used. For example, to compute λ(si, dj)

using only the notion of synset in WordNet, one would have ρ(l) = 1 if l = 1 and
ρ(l) = 0 otherwise. To consider all descendants which are k links away from si, one
would have ρ(l) = 1 if l ≤ k and ρ(l) = 0 otherwise. To consider all descendants
in the ‘is-a’ hierarchy, one would have ρ(l) = 1 if edges, 1, 2, . . . , l are all “is-a”
connections, and ρ(l) = 0 otherwise. The recursion stops when λ(si, dj) becomes
insignificant, i.e., less than a threshold value. In this work, the threshold is set as
0.40.

Step-2: Bipartite Matching. Once the complete bipartite graph for the keywords
is derived, we are able to apply standard algorithms for optimal matching of the
bipartite graph. A matching Wopt ⊆ W is a collection of weighted edges such
that every vertex of Kx ∪Ky is incident to at most one edge of Wopt. A matching
is perfect if its cardinality is equal, i.e., |Kx| = |Ky|. Here, the optimal bipartite
matching algorithm operates under the simple notion that the connections with
higher weights i.e., closely connected keyword nodes, contribute more to the sim-
ilarity value.

Given the bipartite representation ΦKopt ⊆ ΦK, the optimal matching between
two keyword or vertex sets can be computed using a maximum allocation algo-
rithm. An optimal maximum allocation algorithm can yield an improved perfor-
mance, however, as the number of keywords in a search query is a small number,
a brute-force algorithm performs reasonably well. The optimal bipartite graph,
ΦKopt = {Kx, Ky, Wopt} where, Wopt ⊆ W such that Θ(Kx, Ky) is maximum, is
computed as:

∀wi ∈Wopt, Θ(Kx, Ky) = 1−
|Wopt|
∏
i=1

(1− wi)

6.4.2 Similarity: Type, Size, and Date Fields

As mentioned earlier the value of the type, size, and date fields can be set or left
empty. Therefore, we introduce two different metrics to compute the similarity of
these fields, we call Behavioral Similarity and Value Similarity. Given two queries,
the Behavioral Similarity function Ψ measures the similarity based on whether the
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fields are populated (set) or are empty (unset) and the Value Similarity function Ω
measures the degree of match. They are defined as:

Ψ(a, b) =


1 if a & b both are set
0.5 if both are unset
0 if one is set and another is unset

Ω(a, b) =


1 if a & b are the same
0.5 if there is an overlap between a & b
0 if there is no overlap

6.4.3 Aggregate Score

Finally, a function Λ computes the similarity score between two queries Qx and
Qy by combining the similarity scores of keywords (Kx and Ky), types (tx and ty),
sizes (sx and sy), and dates (dx and dy) fields.

Λ(Qx, Qy) = (1− α− β− γ)Θ(Kx, Ky) + α Ψ(tx, ty)Ω(tx, ty)+

β Ψ(sx, sy)Ω(sx, sy) + γ Ψ(dx, dy)Ω(dx, dy)

where 0 ≤ (α + β + γ) < 1. α, β, and γ are scalar constants that defines the
influence of type, size and date fields respectively in the similarity measurement.
In this project, we set α = β = γ = 0.1, which can be reconfigured.

6.5 Visualization of SPG

Although it is possible to use the basic visual representation of search provenance
graph as shown in Figure 6.2, users have to use pop-up windows to retrieve in-
formation related previous queries. Frequent interactions can be expensive and,
particularly, it is easy to forget what was just shown in the pop-up windows ac-
tivated. We hence introduced glyphs to enrich each node in a SPG to facilitate a
high-level IR at a glance as well as externalize the user’s memory about each query.

We began our visual design activities with a series of brainstorming meetings.
At first we identified the most commonly-used search query attributes (e.g., key-
word/name, type, size, date and search result attributes) to be visualized. We
then identified summary features of search results that can help a user refine the
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Color

Icon

Type DateSizeKey UnsetFields    

Current

Selected 
current

Possible FP 
(2nd time)

Common

Selected 
common

Likely FP 
(3rd /4th time)

Previous

Selected 
previous

Very likely FP
(>= 5 times)

(a) 

(b) (c)

Figure 6.3: Glyph design for search provenance graphs. (a) Six different design
options for characterizing a query, (b) the colours and icons used to highlight dif-
ferent query fields, and (c) the glyph components to depict a file in search results
(FP: False Positive).

queries. These include the number of newly-found files, how many files were in
the previous search, how many files in the previous search are no longer shown,
and how many files have already been selected by the user. After several iter-
ations and consultation with our industrial partner a suitable glyph design was
chosen based on consideration of occlusion, clarity, visual separation, metaphoric
abstraction for aiding learning and remembering, and encoding costs in terms of
scalability.

We designed two types of glyphs for representing search queries and search
results respectively.

6.5.1 Glyphs for Search Queries

Six different design options for characterizing a query are presented in Figure 6.3
(a). A search query is composed of multiple fields and each field is related to a file
system attribute, e.g., name or keyword, type, size, and date. During the query refor-
mulation a user can set, unset, or change the values of any field. Hence the glyph
design should ideally capture the temporal changes of the reformulated queries.
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We began our design activities with a series of brainstorming meetings. We
produced a table consisting of several optional visual channels for each attribute.
After several iterations, a suitable option for each query field was identified on the
basis of clarity, pop-out effect, visual separation, metaphoric abstraction for aiding
learning and remembering, and encoding costs in terms of scalability. We decided
to a k-wedge circle glyph to represent k search criteria. We used logological colour
[2] encoding (e.g., kiwi colour for keyword, scarlet colour for size, turquoise for
type, and daisy for date). Such logological colour scheme can act as a memory
aid. We considered five design options to indicate if a criterion has been added or
changed in relation to a previous node as shown in Figure 6.3 (a). After consulting
the industrial partner, we decided to use small pictograms to indicate such changes
as they can also serve as a reminder about the name of the criterion concerned.
These pictograms are shown in Figure 6.3 (b).

6.5.2 Glyphs for Search Results

A set of search results contains much complex information, and designing a sum-
mary glyph has been a challenging undertaking. We considered glyphs in the form
of miniature treemaps, and found they cannot show much information. We thus
decided to focus on some of the basic information needed that may aid the assess-
ment of the effectiveness of a query, and stimulate hypotheses about better query
reformulation. Such information includes (i) how many files are returned by the
current query concerned, (ii) how many are common with the previous query, (iii)
how many files returned by the previous query are no longer in this query, (iv) how
many selected files (i.e., true positives) are among each of the above categories
of files, and (v) how many files have been returned many times but were never
selected (likely to be false positives). Once a file has met a search criteria but is
not relevant to the user then this file is classified as false positives. When the same
file starts to appear in consecutive searches the false positive value of this file is
incremented, see Figure 6.3 (c).

The basic glyph design for search results is a macro-glyph consisting of 25 cells,
each is encoded with the above 5 pieces of information as shown in Figure 6.3 (c).
Following an initial testing, we notice that many initial queries typically result in
a large list of files. The 25 cells are not enough. We thus added another type of
glyph for showing the overall statistics when there are more than 25 files in the
three categories (current, common and previous).
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6.5.3 An Example Use of the Provenance Visualization

This example visualizes the search provenance information of four administrators
named Charlotte, Julie, Andy, and Jane who collaborated for four working days to
create a portfolio of files related to a project for a customer.

The proposed visualizations implement the visual information-seeking princi-
ple proposed by Schneiderman in [191]. We first show the overview of the search
queries and their similarities (captured in a SPG) using (a) a graph-based view, see
Figure 6.4 and (b) a collaboration summary view, see Figure 6.6. Search queries can
be selected from either of the views using brushing. For example, the nine queries
selected in Figure 6.4 are shown in the glyph-based detailed view, Figure 6.5. The
detail information can also be seen in a list view (see the dialogues in Figure 6.5),
and using tooltip windows.

6.5.3.1 SPG: Graph View

The graph view shows a subgraph of an SPG which is associated with a project.
How one administrator’s (focus) search relate to other administrators search who
are working collaboratively on a same project. Figure 6.4 shows an example graph
view where the four users mentioned earlier searched collaboratively for four work-
ing days.

Each search query is mapped to a node of the graph and shown as a dot with
different colour coding for different users. Each dot is positioned primarily ac-
cording to the time when the search event took place. In the central line, we show
focus administrator’s nodes, here Julie’s search queries. The other administrators’
nodes, here Charlotte, Andy, and Jane’s search queries are shown above as well as
below the central line. A link from a central or focus node to a corresponding node
above or below the central node is drawn such that if the event has occurred ear-
lier the link will connect to the node placed above else otherwise. This technique
significantly reduce the occlusion and cluttering.

In this example, the first two days of searches were performed by Charlotte.
It can be easily seen that the user is an inexperienced administrator and has per-
formed many searches some of them consecutively in a short time span. In the
following week, the search process was resumed by Julie and Andy who are expe-
rienced administrators. In the final day of search, Julie made few more searches,
there after Jane joined and performed few queries and final quality checks.
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We have used a linear time scale, however, the entire search session is divided
into different slots to minimize the empty space when there are no search activity.
If there are no search activities for more than an hour (this value can be configured)
a glyph is placed to show the elapsed time as a session gap. If the elapsed time is
in the range of hours we place a clock icon displaying the amount of hours, and
if it is in days then a calendar icon showing the number of days elapsed. A time
scale at the bottom shows the dates (below) and time of day (above).

In order to scale the nodes in a given boundary one simple solution is to reduce
the size of the dots based purely on the zoom-factor. This solution scales well as
the dots can be seen even if they are very small. However, when the dots become
too small to be understandable the placement algorithm determines the appropri-
ate size and position of each dot in the time scale and shifts them vertically in
order to maintain clarity while preventing serious cluttering and occlusion. The
main drawback of this graph view is that it does not show how the administra-
tors searches relate to each other. Therefore, we introduced another visualization
technique called Collaboration Summary View.

6.5.3.2 SPG: Glyph-based View

Figure 6.5 shows the provenance visualization where glyphs for search queries
and search results are shown above and beneath the central line respectively. This
example shows the last nine queries performed by Julie, selected from the graph
view shown in Figure 6.4. The user formulated the search query by selecting a
query performed by Andy on the previous day. The search query is to find a group
of building material files with a keyword “building”.

The search query was automatically expanded by the Query Processor using the
term ontology to include related keywords such as “construction”, “manufacture”,
“fabricate” and so on. The search result returned a ranked list of many files and the
user selected a few files from the top of the list. The first macro glyph for search
results showed that all search results were new (100%) that is the query as well
as the results are completely different from the last search the user performed on
the previous day. The user selected few files from the search result. Note that the
user can see the total number of files in the Treemap-based focus+contex or Tabular
view as well as in the tooltip when the mouse is moved over the glyph, reported in
Chapter 5.
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The user then added a type constraint to the search criteria to narrow down the
search, and submitted the new query. The second query showed that no new files
were returned, and the refined results consisted of 39% common files and 61% files
from the previous search disappeared from the list. There were still a large number
of files in the search result. The user again made a few selections of files from the
top of the list.

The user decided to add one more keyword, “material”, in the query, and re-
moved the type filter. The user also added a size filter particularly to exclude the
files smaller than 500KB, and a date filter to exclude the files which are more than
three years old. The new results consisted of 9% new files, 2% common and 89%
files disappeared. The user continued with two further queries with reformulated
search criteria. The reformulated query narrowed down the retrieved result signif-
icantly.

The user then decided to formulate a query based on the 2nd and 4th query.
The user selected these two queries from the visualization window and specified
a logical AND operation to combine their search criteria. The Search Interface refor-
mulated a new query and populated the search form. The user was also given an
option to review the query or modify it before submitting the new query. The 6th
query found 8 new files while 13 files from the previous query now disappeared.
The macro glyph changed to a cell-based representation as there were less than 25
files to show.

The user again reformulated the query based on the 6th query that resulted in
few false positives and the first query that resulted in a large number of files, some
of which were likely to be true positives but were not selected. This combination
of search criteria resulted in four new files. The user continued to reformulate the
query further. In the 9th query, there was no new file and six files were shown as
potential false positives.

All these actions are stored in the SPG Database. At any time the user can save a
portfolio of the selected files as well as resume the search process from any point.

6.5.3.3 SPG: Collaboration Summary View

The Collaboration Summary view of SPG uses a radial-based layout to visualize
the relationships among the administrators searches working collaboratively on
a project. The example summary graph shows the subgraph of an SPG which is
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Figure 6.6: This example collaboration summary view of SPG illustrates the simi-
larity between the search queries performed by the administrators associated with
a project.

associated with the project. The Collaboration Summary view allows the visualiza-
tion of their queries relate to each other, and their explicit and implicit connections.
The explicit connections are shown in pale-blue colour, and the implicit or system
computed similarities are mapped to translucent gray colour. Figure 6.6 presents
an example summary graph. Here, for example, Jane performed some last few
searches as a quality check and her queries are mostly close to Charlotte’s. It can
also be seen that Andy and Julie did many collaborative and close searches. On
selecting a link, a pop-up window shows the connected queries and the similarity
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weight.

In order to scale the nodes in a given boundary, similar to the graph view (Fig-
ure 6.4), the size of the dots can be reduced based on the zoom-factor. When the
dots become too small to be understandable the radius of the radial graph can be
increased and scrollbars can be added if needed.

6.6 Evaluation

6.6.1 Requirement Analysis

At the beginning phase of the project, there were meetings with members of the
industrial partner, where the existing document management system and the re-
quirements of the document search system were discussed. Thereafter, the author
of this thesis had a week long placement in the enterprise. During that placement,
there were a series of meetings with the domain experts, and had the opportunities
to familiarize with the existing document management systems, the distributed
file system and several file repositories used by different groups across the orga-
nization. We discussed about the requirements, the use cases, and the technical
challenges of the system. Based on the knowledge gained, the special purpose en-
terprise search engine to search for files stored across a large distributed system in
the organization was developed.

6.6.2 Organization

After implementing the the glyph-based view, the author of this thesis visited the
industrial partner to evaluate this visualization facility, together with the latest
version of the search engine. During the two-day visit, four domain experts and
managers were consulted. They all have an extensive experience of construction
management as well as in dealing with large number of documents. The evalua-
tion criteria included (a) the SPG and the glyph design options, and the discrimi-
nating capacities of different visual channels, (b) metaphoric mappings for aiding
learning and remembering, (c) encoding costs in terms of pixel resolution, (d) im-
portance and suitability of provenance visualization for identifying true positives,
false positives, and false negatives, and (e) the usability of the system from the
enterprise’s perspective.
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The author of this thesis had another one-day visit to industry to evaluate if
provenance visualizations, e.g., the SPG graph view and the collaboration sum-
mary view can assist administrators to perform search tasks collaboratively and
efficiently.

6.6.3 Procedure

The author consulted with four domain experts and managers individually as per
their convenience. The evaluations were conducted through demonstration of the
system and through discussions about the above evaluation criteria. The meeting
with each of the experts began with a 15-minute introductory presentation fol-
lowed by some 20 minutes of open discussion. The discussions were recorded and
photographs were taken with the permission of the domain experts. Although the
domain experts were aware of the project and the purpose of the meeting, they
were still informed of the overall goals of the system, application scenarios, and
objectives of the meeting.

6.6.4 Discussion

During discussions, domain experts provided various feedbacks and comments re-
lated to the above evaluation criteria. The discussions were lively, and the domain
experts were highly enthusiastic in offering their opinions and suggestions. In par-
ticular, domain experts asked questions about glyph designs, visual encoding, the
search interface and use case scenarios. The idea of visualizing search provenance
has been appreciated by all of them. The domain experts learned the visual encod-
ing very quickly, and offered informed suggestions about various design aspects.
This suggestion was accommodated into a revised design.

• One expert asked if more query fields are introduced how well it will scale.
Therefore, a crush test with 12 query fields to demonstrate the discriminating
capacity of various visual channels at different resolutions was showed. The
author also explained that the pictograms can change to a small arrow head
(glyph design option four) when scalability is an issue, and this option was
welcomed by them. A tooltip while hovering over the glyphs to show the
query in text has been added later as suggested by the domain experts.
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• The domain experts expressed that among all the glyph design options the
options which use size or opacity to highlight changes in field may confuse
the users, therefore, such options were not included.

• Visualizing the statistics for a large number of search results and attributes
was liked by the domain experts. However, they wanted to see the percent-
age as well as the number of files which are new, common, and deleted. The
percentage values were showed in the macro glyphs for search results and a
tooltip feature to show the exact number on mouse hover was introduced.

• In order to highlight the selected files, domain experts suggested using a
larger and salient red dot, we improved this in our revised design.

• One domain expert asked if there is a way to reformulate the query by com-
bining the previous queries. A feature to perform a logical AND operation
was implemented to address this.

• The idea of showing false positives was seen as a useful feature. Such a file
may be really important but duplicated, or it may be an outdated version.
However, domain experts suggested to use an alternative design option to
show the false positive, as the initial design option was to use a halo which
was not intuitive and salient enough. In the revised version, the white square
design was introduced.

• Domain experts emphasized that showing the explicit connections and im-
plicit or system computed connections in SPG are extremely useful. There-
fore, we have introduced different colour coding to aid better visual discrim-
ination capability.

The domain experts made a number of positive comments:

• The circular wedge-based design is preferred by all the domain experts over
the alternative design options discussed. They found the choice of pictograms
and colours to highlight different query fields intuitive as the pictograms re-
late to the name of the field.

• The idea of helping stimulating hypotheses about false negatives was much
appreciated, as in a large organization most know that some documents are
expected at certain locations or business units but not yet found.
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• One domain expert expressed that training would be required to learn and
memorize the search result glyphs. However, this was not considered to be
an issue. Another domain expert mentioned that after using the system over
a short period, users can easily remember the fields.

• The domain experts instantly grasped the functionality of the SPG and the
visual representations. They found that the collaborative graphs are help-
ful to avoid repetitive work or learn from previous searches. As all the
search actions are stored and can be visualized later on, the SPG can assist
the lead administrator to perform performance review, assess work quality
and train new users, commented by the experts. As sometimes one admin-
istrator might have to step into a project to resume a search from any point
past, the graph view would allow one to overview the situation quickly.

• The domain experts found that the provenance visualization enables quick
interpretation of the search criteria, and improved quality of the retrieved
results.

• One domain expert said: “This is a nice and simple representation to show
the high-level overview of the reformulated queries and the relationship among
the results. Showing the search result size, and the selection within and com-
paring with the previous search is nice.” Another domain expert commented:
“Showing the relationship in terms of new, common and deleted results in
the form of a glyph is a great idea, as it can guide the user by giving an idea
to effectively reformulate a query.”

• Another domain expert commented: “I find it quite useful, it makes sense,
user can easily get an idea about wether they need to refine the results fur-
ther, for example, if there are few new files in a search result the user may
reformulate the query.”

• Another expert commented: “It is a time consuming task to retrieve all the
relevant documents related to a search. Many times during a search the user
gets lost and performs the same search repeatedly. The use of this new visu-
alization could eliminate this problem, and could therefore prove to be very
useful. I can definitely see a business application of this search interface and
visualization in an engineering enterprise where documents are so important
in the same time very difficult to deal with it”.
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This second evaluation also prompted two domain experts to carry out busi-
ness cost-benefit analysis. We broke the search processes detailed action steps, in-
cluding capture a file and place it in a server, enter a record in a database, database
maintenance, search by a local administrator based in a project, search by cen-
tral administrators with and without the aid of visualization, packaging selected
search results, and so on. The detail description of the business cost estimation can
be found in Section 3.4.

The industrial partners realizes the important role and potential benefits of the
visualization-assisted search solution to handle their large-scale data generated
throughout different project life cycles which has been highlighted in their recently
published magazine [125].

6.7 Conclusions

In this chapter, we have presented a visualization-assisted search solution to sup-
port enterprise search. We have developed a prototype system featuring both an
enterprise search engine and a set of visualization capabilities. The development of
the provenance visualization has benefited particularly from the knowledge-base
of the search engine. This demonstrates that visualization can and should play
an integral role in an enterprise search engine. Our industrial feasibility study
has shown that visualization can impact on industrial applications by improving
working practices in the real world. The work helped the enterprise to realize
the important role of visualization in search operations at an industrial scale. It
provided the basis for establishing a cost-effective working practice, and devel-
oping new software for supporting such routine but intensive operations. From
this work, we may draw a generalized conclusion that visualization can be used to
help users identify false positives and reason about false negatives in search pro-
cesses. Search provenance visualization provides an effective means for users to
reformulate search criteria, facilitating external memorization in a search task that
may be performed over a short period and by multiple users collaboratively.
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This thesis set out to introduce information visualization techniques for sup-
porting an enterprise search engine, particularly to assist administrators to per-
form search tasks efficiently and collaboratively in a large-scale industrial setting.
Searching through a vast and evergrowing information space is a time consuming
task particulary dealing with the inevitable inconsistencies in search results being
returned by enterprise search engines. While the role of visualization in a large-
scale industrial search has not yet been explored, this industrial feasibility study
has been formulated in collaboration with our industrial sponsor, Laing O’Rourke.

As part of our study of the visualization capabilities, we developed a special
purpose enterprise search engine in Chapter 4. This chapter describes the core
components needed to design and integrate the visualization components pre-
sented later in Chapters 5 and 6. More importantly, through the design and de-
velopment of the enterprise search engine and the visualization components, we
were able to devise strategies to investigate the research objectives stated in Chap-
ter 1.

7.1 Summary of Contributions

We state the contributions of this thesis through focusing on the objectives from
Chapter 1.
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Objective 1. To investigate how to overlay search results on top of a search space
in the context of large-scale distributed file systems to facilitate focus and context
visualization.

Using a traditional representation of search results (e.g., a text view), it leads
to a greater difficulty and time to devise hypothesis about whether a search is
successful or not (e.g., false positives and false negatives) or how to refine search
specifications. It is essential to show an overview of the search results and their
distribution in the search space that can give a contextual information.

In Chapter 5, we introduced a novel Focus and Context visualization technique
to overlay search results (as focus) and their distribution in the search space (con-
text). The trivial representation of the search results as dots overlaid on top of
treemaps causes a greater difficulty in identifying these dots. An improved de-
sign using a file system glyph can enrich the visual representation as well as show
the multivariate information, however, overlaying such glyphs on top of a dense
visual context resulted in occlusion of the context.

We proposed to use cyclical property animation of these glyphs to minimize
the occlusion and to allow both focus and context to be shown simultaneously. The
idea of overlaying glyphs on top of a treemap [111] and to apply cyclic animation
to glyphs to minimize occlusion was studied in this work for the first time. There
has not been any previous study or guideline on how to minimize such occlusion
or how to improve the perceptual difficulties in glyph animation. Therefore, we
designed a set of transfer functions with carefully assigned interpolations (e.g., to
enable the human visual system perceive the information) and three novel empir-
ical studies in the form of control experiments and a focus group study.

The control experiments investigated the perception of the animated glyphs:
(a) the effects of different temporal transfer functions on focus, (b) the effects of
different temporal transfer functions on context information, and (c) the effect of
animation on the just-notifiable-difference (JND).

The focus group study qualitatively evaluated the approaches, namely (a) static
dots, (b) cyclically-animated dots, (c) static glyphs, and (d) cyclically-animated
glyphs. We discovered that nearly all the participants preferred animated dots,
the second preference was static and animated glyphs, and most of the partici-
pants did not prefer static dots. We also observed that the participants could learn
the visual encoding of the glyph quickly. The proposed focus and context visual-
ization proved to be useful in quickly interpreting the search results, their location
in the file system, and identifying the true positives or filtering the true negatives
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by interactively navigating through file system hierarchies.

Objective 2. To develop a search provenance management technique and to intro-
duce provenance data visualization techniques.

In an industrial scale search setting (e.g., at Laing O’Rourke), it is desirable for
a team of administrators to perform search tasks efficiently to create a portfolio of
relevant files to be delivered to stakeholders (e.g., customers). Where such routine
activities are carried out on a regular basis, it is essential for the administrators to
collaborate and effectively formulate/reformulate queries by observing and learn-
ing from previous mistakes and good practices.

Graph-based provence models (e.g., Query Flow Graph [25]) capture the users
search provenance data (e.g., from Yahoo search), however they are mainly useful
for research in the Web search domain. These models cannot be adapted in the con-
text and with the requirements of an industrial scale search. Therefore, in Chapter
6 we invented a novel graph structure called Search Provenance Graph (SPG) for sys-
tematically managing the search provenance information in an enterprise search
engine.

We also adapted an improved similarity computation algorithm to calculate the
similarity between the queries in the SPGs, as commonly used similarity measure-
ment algorithms overlook the semantics in such computation (e.g., TF-IDF [112] or
cosine similarity [182] or even the most recent work e.g., [26, 27, 91, 232]).

We proposed three visual representations for visualizing the information stored
in the SPG: Graph View, Glyph-based View and Collaboration Summary View. The
evaluation of the visualization components in collaboration with a management
team at Laing O’Rourke highlighted some potential benefits of such visualization.
First, the evaluation confirmed that the graph view is effective in displaying the
search history and relation between the administrator’s search queries. Second,
the evaluation confirmed that the collaboration summary view showing explicit
and implicit connections can effectively visualize the quality of collaboration in a
project. Finally, we learned that the glyph-graph representation of SPG can aid the
assessment of the effectiveness of a query and stimulate hypotheses about better
query reformulation.

Objective 3. To develop a special purpose enterprise search engine for enabling the
integration of visualization facilities which cannot be done by a general purpose
or open source enterprise search engine.
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It is not straightforward to develop and integrate the proposed set of visualiza-
tions, the (a) search result visualization and (b) search provenance visualization,
with a general purpose or open source enterprise search engines. Although such
search engines provide an efficient index management and storage facilities, they
did not implement any mechanism to manage search space and search provenance
information much needed for the integration and investigation of the visualization
capabilities presented in this thesis.

In order to facilitate the development and integration of the visualization com-
ponents, a multi-ontology based enterprise search engine was developed in Chap-
ter 4. Some additional details of this search engine can be found in Chapter 3 and
Appendix A.

A realtime scanning and search on a large-scale distributed file system would
not be feasible given the scale and nature of a distributed system. For this reason,
this special purpose search engine implemented a mechanism to crawl and index
the distributed file system. This indexed information provided the file system in-
formation and structure needed by the treemap to visualize the search space. The
actual search queries are also processed with the index.

Additionally, the ontologies of the search engine supported the integration of
search provenance information in the SPG and the computing of the semantic
query similarly in SPG.

Finally, the ontologies provided the basis for query enrichment and the im-
plementation of the active learning mechanism using users relevance judgement
information.

Objective 4. To investigate how machine learning techniques can be deployed in
an enterprise search engine to improve the precision and recall of search results.

The users’ relevant feedback information has widely been used for machine
learning purposes in Web-search domain. However, unlike Web-search, the en-
terprise search has not yet taken full advantage of such machine learning tech-
niques [41, 123]. Although commercial systems (e.g., Google Enterprise) might
incorporate such mechanism, the exact methods used by these systems are unpub-
lished. The role of an active learning technique to improve the retrieval efficiency
of an enterprise search engine measured in terms of precision and recall has been
investigated for the first time in Chapter 4.

We adapted the Rocchio’s [175, 181] algorithm to calculate an aggregated Rel-
evance Feedback Index (RFI) and developed a novel active learning mechanism
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to train the ontologies. Moreover, we also implemented ontology-assisted: (a)
knowledge-based query enrichment for improving recall, and (b) ranking of search
results for improving precision.

Our experimental study demonstrated that the active learning of the ontolo-
gies using users’ relevant feedback information improve both recall and precision
of the search queries that the search engine relied on to achieve an interactive per-
formance in search. The experimental study also proved that training played an
important role in improving the precision and recall, and will be essential and ef-
fective in practical deployment.

Objective 5. To evaluate all the techniques developed in this project in conjunction
with the industrial partner.

There are several ways to evaluate the techniques proposed in this thesis, e.g.,
to conduct user studies, to do an industrial interview, and to perform a business
cost estimation. Objective 1 was evaluated using user studies that are described
in Chapter 5. Objective 2 was evaluated using industrial interviews that are de-
scribed in Chapter 6. In Chapter 3, we discussed the business cost estimation of
the prototyped visualization assisted search system which was done in collabo-
ration with our industrial partner, Laing O’Rourke. The estimation projected the
potential benefit of the Visualization-assisted enterprise search engine in terms of
saved time of the administrators.

In order to thoroughly approve the system, it would be essential to deploy the
system in an industrial setting. It has to be recognized that any thorough analysis
can only be done after deployment, testing, and usage over a long period of time
in an industrial setting. Such analysis would take many years to achieve. For that
reason, such study is not feasible given the scope and duration of this thesis work.
With the business cost estimation, it has now become clear that the benefit of this
visualization technique is to save time, allowing the administrators to devote more
valuable cognitive effort to develop hypothesis, and improve decision making.

This project is the first step to introduce visualization in industrial scale enter-
prise search. This research has moved one step further towards the overall aim
which is to provide industry a visualization assisted search technology that can
address the problems emerging from handling large number of files in a cost effec-
tive way.

The feasibility study helped our industrial partner, Laing O’Rourke, to realize
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the cost effective means to manage and search a large-scale information infras-
tructure along with the important role of visualization in search operations. As
organizations are relying more on digital infrastructure, the demand for scalable
file management and search will continue to grow. Our work has provided the
basis for establishing a cost-effective working practice, and developing new soft-
ware for supporting such routine but work intensive operations. The aim has long
steps to achieve and is waiting for software development, changing working flow,
testing, and field trial in an industrial setting.

7.2 Summary of Future Work

The work presented in this thesis opens up a number of interesting research av-
enues around the industrial scale enterprise search area.

While the construction companies are preparing to implement the new BIM
requirements, deploying an enterprise search engine is essential to make all the
files stored in the organization searchable. Building on the feasibility study with
Laing O’Rourke, we believe that the software prototype is ready for industry to
take over and develop an operational software. The design concepts produced in
this work can be featured in the operational software and can be deployed in Laing
O’Rourke. We estimate that probably it will require five person years to develop
a industrial grade operational enterprise search engine for Laing O’Rourke. It is
to be noted that open source enterprise search engine, e.g., Lucene took more than
15 years to develop up to Version 5. We are also in discussion with our industrial
sponsor about disseminating the source code of the search engine and visualiza-
tion software.

When the enterprise search engine is deployed in a real environment, it will
require the company to introduce new processes and reorganize its existing work-
flows. In a large enterprise such as Laing O’Rourke, creating an operational team
and introducing new workflows is expected to be a complex process. Once the
workflows are reorganized the performance testing and improvement of the sys-
tem can be done.

As for the visualization side of work is concerned, one important future work
would be investigating the usage of spatially ordered treemap [224] to display the
search space. There needs to be better understanding of the user interface, and per-
ception of the visual design, which is again possible once a operational software
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is deployed and the organization is ready to adopt the new workflows. We sug-
gest that future studies may obtain the user performance data through task-driven
experiments in controlled settings. As such task performance may be related to
several aspects, such as accuracy, speed, learning, memorization, and irritation.
Inevitably it would require many empirical studies in order to obtain statistically-
significant data.

Another essential element for future work would be content-based retrieval in
addition to metadata based retrieval. Although content-based retrieval has been
extensively discussed in the literature and implemented by open source enterprise
search engines, however, for efficient information retrieval and ranking different
search strategies need to be developed for different types of files. For example,
Excel or spreadsheets need different search strategies than text or documents, sim-
ilarly image, video, CAD designs, and so on need different search strategies. At
the same time the ontologies should support content retrieval, which would bring
new complexity due to the size and computational requirements. Given the num-
ber of possible contexts (e.g., name-space, location, personalization, different do-
main specific knowledge, and so on) that can be taken into account, the potential
application of ontologies in enterprise search engines is vast, and such system may
need many years to evolve.
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In this appendix, we describe the Index Management module of the enterprise
search engine. We discuss the key data structures and the algorithms that are used
to create an index of a large number of files that can be searched quickly, updated
efficiently, backup in a disk, and restored from the disk. We adapted the tech-
niques describe in [136] and Lucene 1. Thereafter, we designed a simple index
management data structures which easily integrates the search engine modules
(e.g., Query Processing, Result Processing, Active Learning, Crawler, SPG Management,
and Ontology Management) of the VAESE system. The index management module
was implemented in C++.

A.1 Crawler

When we search for the files in a filesystem using keywords, a naive approach
would be to use a crawler or GNU/Linux “find” command to sequentially scan
each file of the filesystem for the given keyword. This approach has two main
drawbacks- (a) it does not scale well in a large-scale distributed file system due
to the size and the nature of the distribution and (b) scanning the file system
in real-time for each search operation is time consuming. Therefore, using the

1lucene.apache.org
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GNU/Linux “find” command it is impossible to search files in a large-scale filesys-
tem at an interactive rate.

The solution to this problem is to build a cache or index of the files and folders
of the distributed file system during the crawl process. Index enables lower re-
sponse time to frequent queries and reduces the load on the system by eliminating
the slow sequential scanning process. In a large enterprise, new files are being cre-
ated and existing files are updated or removed frequently. Therefore, the freshness
of the index is another essential requirement.

Crawler is an agent or group of agents that gathers and scopes the contents of
the file system that need to be indexed. The crawler acts as an interface between
the distributed filesystem and the index. The protocols to access different storage
systems are defined in the crawler software. The crawler agent scans through the
entire distributed file system in an automated manner and at a predefined sched-
uled interval, much like GNU/Linux utility “Cron”. The crawling process is incre-
mental so that it fetches only the changed files since it was run. A database is used
to check time stamp only to avoid re-indexing the files that have not changed since
the last indexing.

A.2 Managing an Index

Searching is a process of looking up keywords or terms in an index to find the files
where they appear. We consider a number of factors when developing the index
management module, the ability to: (a) index large quantities of files, (b) search
files in a large index quickly, (c) frequently update the index, (d) backup the index
in a disk, and (e) restore the index after system failure or scheduled maintenance.
The index management module periodically reconstruct a new index from scratch
while the old one is still available for querying, also known as static indexing [136].
After the new index is ready the old index is replaced.

A.2.1 Term Processing

Each crawled file is added to the index, however, before adding a file to the index
its metadata values are processed. Metadata values are extracted from the files
and processed to produce a stream of tokens. The tokens are then normalized and
lowercased. It is also desirable to remove all the stop words, which are frequent
but meaningless (e.g., a, an, the, in, on, and so on, in English text). The tokens
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Figure A.1: An index creation and search process. Here, searches happen in the
Inverted Index (TermMap) and the File Attribute Data (FileAttributeMap) stored
in memory.
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key1 value1

key2 value2
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keyn valuen
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key value

name home, budget

type type, xlsx

size size, 1024

path /home/budget/

… …

(b) AttributeMap schema (c) an example AttributeMap(a) 

Figure A.2: (a) A file Attribute structure holds all file attribute names, e.g., file
name, type, size etc. (b) AttributeMap holds all the attribute name and value of
a file as a key-value pair. (c) In this example, a file /home/budget/budget.xlsx
of 1024 byte size is indexed in a AttributeMap container.

are then reduced to their roots using Porter Stem filter and/or the Term Ontology.
For example, for a file /home/budget/budget.xlsx of 1024 byte the derived
tokens are “home”, “budget”, “xlsx”, and “1024”. Detailed description of the term
processing steps can be found in [136].

A.2.2 Index Data Structure

The processed tokens along with actual file and its metadata information are then
added to the index. Figure A.1 illustrates the steps involved in index (static) cre-
ation, search, and backup. The index is formed with two main data structures:

(i) File Attribute Data is a data structure holding the crawled files and their
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(a) FileAttributeMap schema (b) an example FileAttributeMap
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… …
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[path: /home/budget/], …

1

[name: home, budget, finance], 
[type: docx], 
[size: 2318],
[path: /home/budget], …

Figure A.3: (a) File Attribute Data– each file is assigned with a unique identi-
fier (fileId), and its attribute values are stored in a FileAttributeMap. (b)
In this example, two files /home/budget/budget.xlsx and /home/budget/
finance.docx are assigned with fileId: 0 and 1 respectively.
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(a) TermMap schema (b) an example TermMap

Figure A.4: (a) Inverted index– is stored in the TermMap. It contains the term (as
key) and the files it is appearing on with its frequency in the post map (PostMap).
(b) The example inverted index is created from files illustrated in Figure A.3 (b).

attribute (metadata) information, see Figure A.3. An associative container
named FileAttributeMap holds that information in memory.

(ii) Inverted index is a data structure holding mapping from terms or keywords
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to a set of file containing it, see Figure A.4. An associative container, TermMap,
holds that information in memory.

Each file and its attribute information are processed to create an index which
follows three steps:

1. Each file and its attributes are processed to a File container data structure.
The File::addAttribute(name, attribute) adds each file attribute
to a AttributeMap of the File container, see Figure A.2. The function
File::addAttribute(name, attribute) (A.1) does this job. Each at-
tribute has a name (key) for identifying it, attribute value, and additional
information (e.g., the attribute data type, storing policy, and so on). Each
attribute can be flagged to indicate if it is to be indexed or not.

For an input file once the File container is created then it can be added to
the index.

2. The file attribute data stores all the incoming files and its attributes (i.e., the
File containers) in a FileAttributeMap, see Figure A.3. The function
IndexWriter::addFile(File) (A.2) does this job.

Figure A.3 (b) illustrates an example FileAttributeMap that is constructed
from two input files /home/budget/budget.xlsx and /home/budget/

finance.docx. Here, the size attribute is not indexed (flagged out), for that
reason size attribute (tokens) does not appear in the example inverted index.

3. In the mean time, the function IndexWriter::addFile(File) (A.2) up-
dates the file information to the inverted index, i.e. TermMap. The inverted
index contains the terms and each term entry contains its post information.
The post information of a term contains the files the term appearing in and
its corresponding frequency. In other words, the post information contains a
unique file identifier (fileId) as key and frequency as a mapped value. The
post information is stored in PostMap.

The tokens extracted from input files are used as lookup keys instead of
treating them as the central entities. The TermMap shown in Figure A.4, is
a associative container that store each term as a key and its corresponding
PostMap. This data structure allows quick lookups for a term and its corre-
sponding files with frequency value.
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Figure A.4 (b) illustrates an example of how a TermMap constructed from two
files stored in a FileAttributeMap (Figure A.3 (b)). As the size attribute is
not indexed, hence, the tokens of size attributes (“1024” and “2318”) do not
appear in the TermMap.

Algorithm A.1 File::addAttribute(name, attribute)

Description: File attribute names and values are added to a map..

1: define AttributeMap <name, attribute>
2: AttributeMap[Attribute.name]← attribute

Algorithm A.2 IndexWriter::addFile(File)

Input: File container that holds attributes of a file in AttributeMap.
Description:

1: define PostMap <fileId, frequency>
2: define FreqMap <term, frequency>
3: define TermMap <term, PostMap>
4: define FileAttributeMap <fileId, Attribute>
5: for iterate AttributeMap do . File container holds the AttributeMap
6: data← data + AttributeMap.second.data
7: FreqMap← parse(data)
8: for iterate FreqMap do
9: term← FreqMap.first

10: frequency← FreqMap.second
11: if TermMap.find(term) then
12: PostMap[fileId]← frequency
13: TermMap[term]← PostMap
14: else
15: TermMap[term][fileId]← frequency
16: end if
17: FileAttributeMap[fileId]← AttributeMap.second
18: end for
19: end for
20: fileId← fileId +1

A.2.3 Backup and Restore

It is important to provide a mechanism to save the index stored in memory (RAM)
to a disk in order to quickly recover the index after an unexpected system failure or
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Attribute Name File 
(.anf)

# of attributes

name

type

size

path

…

Was fnm

Figure A.5: The format of Attribute Name File (ANF). The Attribute data struc-
ture is saved in this file.
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2
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(a) schema (b) an example <index>.aif and <index>.adf files

Figure A.6: (a) The formats of Attribute Index File (AIF) and Attribute Data File
(ADF). These files stores the FileAttributeMap. (b) This example shows a AIF
and a ADF storing the FileAttributeMap illustrated in Figure A.3 (b).

scheduled maintenance. The data structures are stored in the disk in an optimized
way so that the data can be restored quickly from the disk. The detailed formats of
the files holding the index information are explained in this section.

The file attribute names stored in the Attribute structure is saved in a At-
tribute Name File (ANF, with extension .anf). The ANF contains the number of
attributes followed by the name of the attributes (e.g., file name, path, size, etc.)
that are being managed in the index. The format of the ANF file is illustrated in
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(a) schema (tf: term frequency). (b) an example <index>.tif and <index>.pif file

(TF: term frequency)Figure A.7: (a) The formats of Term Index File (TIF) and Post Information File (PIF).
The inverted index information, i.e., the TermMap is saved in the disk using these
two files. (b) This example shows a TIF and a PIF storing the TermMap illustrated
in Figure A.4 (b).

Figure A.5.

The file attribute data, i.e., the FileAttributeMap is saved in two files: At-
tribute Index File (AIF) and Attribute Data File (ADF). The AIF contains offset
information, which is used to resolve file number (fileId) to exact position in the
ADF file for that file’s stored attributes, thereby, supporting quick random access
of the files. The ADF contains the actual contents of the file attributes. The formats
of AIF and ADF are shown in Figure A.6.

The inverted index, i.e, the TermMap is stored in two files: Post Information
File (PIF) and Term Index File (TIF). The post information (PostMap) of the terms
are stored in the PIF. All the terms, tuples of term name and corresponding offset
to PIF are stored in the TIF. The formats of PIF and TIF are shown in A.7.

While it is important to save the in-memory index to the disk, it is impor-
tant to recover the information stored in the files after any unexpected system
failure or scheduled maintenance to provide querying facility. The Attribute,
FileAttributeMap, and TermMap data structures can be built from the files
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holding the information in the disk as a backup. In case of corrupted backup
files, the entire distributed file system has to be crawled to rebuild the index from
scratch.

A.2.4 Search

During search, the files that matches search keyword are retrieved along with
their attribute information. The function IndexReader::search(term) (A.3)
returns the files that matches a given term. This algorithm first searches the term
in the TermMap, if the term is present then its corresponding PostMap, i.e., the
relevant fileId(s) with frequency are returned.

Algorithm A.3 IndexReader::search(term)

Description:

1: define PostMap <fileId, frequency>
2: if TermMap.find(term) then
3: PostMap← TermMap.second
4: for iterate PostMap do
5: fileId← PostMap.first
6: frequency← PostMap.second
7: Attribute← FileAttributeMap[fileId]
8: end for
9: end if

A.2.5 Search in a Large Index

The index grows monotonically along with the incoming number of files, therefore
it is inefficient to maintain a large index in memory. We can keep deleting the old
entries to make free space for the crawler to add new entries. However, in many
situations it is not desirable to delete the entries from the index. This problem can
potentially be addressed by: (a) maintain the inverted index (TermMap) in memory
and (b) access the large part of the index from disk, e.g, access the file attribute
data from the AIF and ADF. While searching for a term, the relevant files are first
searched in the inverted index. Thereafter, the corresponding file attributes are
obtained by randomly accessing the files in the disk. Figure A.8 illustrates the steps
involved in searching in a large index. Figure A.9 illustrates an example search
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Figure A.8: Index management using in-memory and disk data. Here, a part of
inverted index (TermMap) is loaded in memory. The keywords are searched in the
TermMap and the corresponding file attributes are accessed from the PIF, AIF, and
ADF stored in the disk.
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Figure A.9: This example illustrates a search to retrieve all the files related to the
keyword “home”. The inverted index (the TermMap) is accessed from memory
and the file attribute data is accessed from the files stored in the disk.

scenario. The experimental data demonstrates the scalability and effectiveness of
this proposed technique, see Section 4.5.3.

A.3 Managing a Dynamic Index

In static index management facility (described in Section A.2), a new index is pe-
riodically reconstructed from the scratch while the old index is still available for
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Figure A.10: Illustrates a dynamic index management process. This allows query-
ing while at the same time deletion and addition of files to the index.

querying. After the new index is ready the old index is replaced. This solution does
not scale well when users use the system regularly and in the meantime filesystem
information changes frequently. In such situation a dynamic index management
is essential to keep the index up-to-date and in the mean time provide querying
facility. Methods to address such challenges are discussed in [136, 198].

Here, we attempt to describe a simple dynamic index management technique
that allows file addition, deletion and modification while at the same time facilitate
querying. Figure A.10 illustrates the dynamic index creation, search, and back
process. In this technique, we maintain two indexes:

(a) The existing Inverted Index and the File Attribute Data are accessed from the
disk.

(b) A small auxiliary index is created to store the incoming (new and deleted) file
information. The new files and their attribute data that need to be added to
the existing index are stored in the NewFileAttributeMap data structure.
The deleted file information that need to be updated to the existing index are
stored in the DeletedFileVector list.

(c) Searches are run across both indexes and merged.

(d) When the size of the auxiliary index increases beyond certain limit, a merge
operation updates the old index with the auxiliary index information.

The function IndexWriter::addDynamic(File) (A.4) adds the new file
and its attribute information in in the NewFileAttributeMap. When a docu-
ment is updated or deleted a separate delete document vector (DeletedFileVector)
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maintains that information to make sure that the stale data is not read. The deleted
file and term information are updated by the functions A.6 and A.5.

Algorithm A.4 IndexWriter::addDynamic(File)

Input: File

1: IndexWriter::addFile(File) . write to TermMap and NewFileAttributeMap

Algorithm A.5 IndexWriter::deleteDynamic(fileId)

Input: File

1: define PostMap <fileId, frequency>
2: input TermMap <term, PostMap>
3: input FileAttributeMap <fileId, Attribute>
4: for iterate TermMap do
5: PostMap← TermMap.second
6: if PostMap.find(fileId) then
7: PostMap.erase(fileId)
8: end if
9: end for

10: if FileAttributeMap.find(fileId) then
11: FileAttributeMap.erase(fileId)
12: end if
13: update DeletedFileVector
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Algorithm A.6 IndexWriter::deleteDynamic(term)

Input: term

1: define FileVector
2: define AllFileVector
3: define DeletedFileVector

. Find the documents associated to the input term.
4: found← TermMap.find(term)
5: if found then
6: PostMap← found.second
7: for iterate PostMap do
8: FileVector← PostMap.first
9: end for

10: else
11: return false
12: end if

. Erase the term from the index.
13: TermMap.erase(term)

. Store all the document ids in a vector.
14: for iterate TermMap do
15: PostMap← TermMap.second
16: for iterate PostMap do
17: AllFileVector← PostMap.first
18: end for
19: end for

. Files to be deleted: present in FileVector but not in AllFileVector.
20: for i← 0, FileVector.size() −1 do
21: fileId← FileVector[i]
22: found← find(AllFileVector.start(), AllFileVector.end(), fileId)
23: if not found then
24: DeletedFileVector← fileId
25: end if
26: end for

. Delete all the fileIds contained in DeletedFileVector from the
FileAttributeMap.

27: for i← 0, DeletedFileVector.size() −1 do
28: fileId← DeletedFileVector[i]
29: if FileAttributeMap.find(fileId) then
30: FileAttributeMap.erase(fileId)
31: end if
32: end for
33: update DeletedFileVector . delete from TermMap and FileAttributeMap
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Stimuli For Empirical Studies
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This appendix contains additional material related to the Chapter 5. We present
(a) the stimuli used in the empirical studies and (b) the questionnaire and the re-
sults of the focus group study.

B.1 Stimuli for Experiments One, Two and Three

Example screenshots of Experiment One, Two, and Three that were showed to the
participants during the empirical study are presented in Figure B.1, B.3, and B.5
respectively. The stimuli used in Experiment One, Two, and Three are illustrated
in Figure B.2, B.4, and B.6 respectively.

B.2 Focus Group Study: Questionnaire

The questionnaire asked to the focus group during the post-development evalu-
ation is divided into four parts (a) static dots vs. animated dots, (b) static dots
vs. static glyphs, (c) static glyphs vs. animated glyphs, and (d) animated dots vs.
animated glyphs.
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Select the correct pattern displayed under the animated dot

Press D for left and K for right

White Noise

D K

Select the correct pattern displayed under the animated dot

D K

 
 

Figure B.1: Example screenshots of Experiment One as presented to the partici-
pants.

B.2.1 Static dots vs. animated dots

Q1a. Do you find it is easier to see all individual files (identified by a search) when
they are presented as static dots or animated dots?

files are easier to
see with static dots

they are about the
same

files are easier to
see with animated

dots
1 2 3 4 5

Q1b. Do you find it is easier to see the underlying directory (folder) structure in
a treemap when files are shown as static dots or animated dots?
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(1) (2) (3) (4) (5)

(6) (7) (8) (9) (10)

(11) (12) (13) (14) (15)

(16) (17) (18) (19) (20)

Figure B.2: Stimuli (patterns) used in Experiment One.

folders are easier to
see with static dots

they are about the
same

folders are easier to
see with animated

dots
1 2 3 4 5

Q1c. Do you find static dots or animated dots more irritating/annoying?

static dots are more
irritating /
annoying

they are about the
same

animated dots are
more irritating /

annoying
1 2 3 4 5

B.2.2 Static dots vs. static glyphs

Q2a. How easy or difficult is for you to learn the visual encoding of file attributes
in glyphs?
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Select the bigger stimulus (dot)

Press D for left and K for right

White Noise

D K

Select the bigger stimulus (Dot)

D K

  
 

  

 

Figure B.3: Example screenshots of Experiment Two as presented to the partici-
pants.

      

15px 20px 25px 30px 35px 40px

Figure B.4: Stimuli used in Experiment Two.

Select the longer stimulus (arc)

Press D for left and K for right

91.0 179.0

White Noise

D K

Select the longer stimulus (Arc)

D K

92.0 88

  

Figure B.5: Example screenshots of Experiment Three as presented to the partici-
pants.

very difficult needs some effort,
but generally it is

OK

very easy

1 2 3 4 5
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(a) Stimuli 
    - Minimum 100 and maximum 3500

    - 900 , 1800 , 2700 , 3600 are ignored 

(b) Delta value 

. . .11.0 89.010.0

. . .91.0 92.0 179.0

. . .181.0 182.0 269.0

. . . 271.0 272.0 350.0

1.0 2.0 3.0 4.0 5.0

6.0 7.0 8.0 9.0 10.0

15.014.013.011.0 12.0

16.0 20.019.018.017.0

Figure B.6: Stimuli used in Experiment Three.

Q2b. How easy or difficult is for you to remember the visual encoding of file
attributes in glyphs?

very difficult needs some effort,
but generally it is

OK

very easy

1 2 3 4 5

Q2c. How willing are you to learn and memorise the visual encoding of file at-
tributes in glyphs if your job requires you to carry out file search frequently (e.g.
more than 20 times per day)?

I will not learn it
even this is

required

if required, I am
OK

I will learn it
without any
persuasion

1 2 3 4 5

Q2d. In order for the glyphs to have advantages over static dots, how frequently
do you feel that one will have to carry out file searches as part of one’s job?

glyphs are advantageous only if one does file search

glyphs are never
advantageous

1-20 times a day 21-40 times a day 40 or more times a
day

glyphs are always
advantageous

1 2 3 4 5
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Q2e. Do you find it is easier to see the underlying directory (folder) structure in
a treemap when files are shown as static dots or static glyphs?

folders are easier to
see with static dots

they are about the
same

folders are easier to
see with static

glyphs
1 2 3 4 5

B.2.3 Static glyphs vs. animated glyphs

Q3a. Do you find it is easier to see all individual files (identified by a search)
when they are presented as static glyphs or animated glyphs?

files are easier to
see with static

glyphs

they are about the
same

files are easier to
see with animated

glyphs
1 2 3 4 5

Q3b. Do you find it is easier to see individual file attributes (e.g., type, size, last
modified date) when they are presented as static glyphs or animated glyphs?

attributes are
easier to see with

static glyphs

they are about the
same

attributes are
easier to see with
animated glyphs

1 2 3 4 5

Q3c. Do you find it is easier to see the underlying directory (folder) structure in
treemap when files are shown as static glyphs or animated glyphs?

folders are easier to
see with static

glyphs

they are about the
same

folders are easier to
see with animated

glyphs
1 2 3 4 5

Q3d. Do you find static glyphs or animated glyphs more irritating / annoying?

static glyphs are
more irritating /

annoying

they are about the
same

animated glyphs
are more irritating /

annoying
1 2 3 4 5

B.2.4 Animated dots vs. animated glyphs

Q4a. Do you find it is easier to see the underlying directory (folder) structure in
a treemap when files are shown as animated dots or animated glyphs?
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folders are easier to
see with animated

dots

they are about the
same

folders are easier to
see with animated

glyphs
1 2 3 4 5

Q4b. Do you find animated dots or animated glyphs more irritating / annoying?

animated dots are
more irritating /

annoying

they are about the
same

animated glyphs
are more irritating /

annoying
1 2 3 4 5

B.3 Results of The Questionnaire

In this section we present the results of the questionnaire as described in B.2.

0
1
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3
4
5
6
7

R1 R2 R3 R4 R5

Static Easy Same Animated Easy

Which is easier to see all individual files from a 
search result?

0
1
2
3
4
5
6
7

R1 R2 R3 R4 R5

Static Easy Same Animated Easy

Which is easier to see underlying directory 
structure?

0
1
2
3
4
5
6
7

R1 R2 R3 R4 R5

Static Annoying Same Animated Annoying

Which is most irritating/annoying?

Figure B.7: Results of the static dots vs. animated dots.
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Figure B.8: Results of the static dots vs. static glyphs.
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(a) Which is easier to see all individual files 
from a search result?
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(b) Which is easier to see individual file 
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Figure B.9: Results of the static glyphs vs. animated glyphs.
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(b) Which is most irritating/annoying?

Figure B.10: Results of the animated dots vs. animated glyphs.

173





List of Figures

2.1 An example relational data model. Person and companies details
are stored in a Person and a Company table. A WorksIn table con-
tains the relationships between person data and company data. . . . 11

2.2 An example document data model. Instead of splitting objects into
tables and rows, they are represented in two different document
structures one for persons and one for a company. By providing a
reference in the person document to a company document, we have
created a relationship between the two entities. . . . . . . . . . . . . . 12

2.3 An example of a graph data model. Here, each instance of people
and company data are represented as nodes, and edges between the
nodes represent the relationships between the nodes. As many at-
tributes as required could be added to both edges and nodes. A
directed edge has an arrow pointing to its head node while an undi-
rected edge does not have any arrows. . . . . . . . . . . . . . . . . . . 13

2.4 (a) HotMap: the term-frequency (tf) of each keyword in the query is
shown using colour coding. (b) Concept Highlighter: Firstly a set of
concepts related to the search query is displayed, and based on the
user’s selection the search results are sorted. The sorting is based
on a fuzzy membership score and highlighted using colour coding.
Adopted from [105]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

2.5 Gradual refinement of query parameters in VisGets using the di-
mension: (a) spatial– the region close to Caribbean is selected, (b)
topical– the larger tag “politics” is selected, (c) and (d) temporal–
first the month February is selected and then few days around the
middle of February are brushed. Adopted from [66]. . . . . . . . . . . 20

175



LIST OF FIGURES

2.6 Fluid Views: (a) Zooming increases geographical detail in the map,
here, from a continental view to the Mediterranean. (b) The time
scale is changed from months, to weeks, and days. (c) Base layer
gets gradually magnified and the items, filtered and displayed with
more detail. Adopted from [67]. . . . . . . . . . . . . . . . . . . . . . . 20

2.7 PivotPaths tool shows variety of relation types across various di-
mensions. Adopted from [68]. . . . . . . . . . . . . . . . . . . . . . . . 21

2.8 Search results are displayed with Voronoi treemap. Adopted from
[153]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

2.9 ProjSnippet tool visualizes the Web search result and clusters them
based on content similarity. Adopted from [91]. . . . . . . . . . . . . . 22

2.10 Footprints, a document search and visualization tool. Adopted from
[109]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

2.11 “/opt” directory of an example GNU/Linux system and its contents
are visualized with (a) File System Explorer (b) xdiskusage, and (c)
Disk Usage Analyzer. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

2.12 Screenshot of k4dirstat tool visualizing the “opt” directory (was also
visualized in Figure 2.11) of a GNU/Linux file system using a treemap. 25

2.13 Different treemaps with non-rectangular layout: (a) Jigsaw [218], (b)
Convex [156], (c) Voronoi [15], created from cse512-14w.github.

io/fp-plvines-djpeter/demo.html, (d) Circular lip.sourceforge.
net/ctreemap.html, (e) Gosper [10]. . . . . . . . . . . . . . . . . . 27

2.14 Pixel-based visualization, right image without visual boosting and
left image shows visual boosting with background colouring and
semi-transparent halos. Adopted from [154]. . . . . . . . . . . . . . . 28

2.15 Multivariate information visualization techniques: tables (left), scat-
ter plots (middle), and parallel coordinate plots (right). Adopted
from [149]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

2.16 (a) Simple glyph depicting wind direction, speed, temperature, and
location. (b) A complex glyph by Duffy et al. [72] encoding 23 at-
tributes of sperm cells (adopted from [72]). . . . . . . . . . . . . . . . 29

2.17 Example text-based provenance view, which shows different attributes
and relationships between different documents. Adopted from [107]. 33

176

cse512-14w.github.io/fp-plvines-djpeter/demo.html
cse512-14w.github.io/fp-plvines-djpeter/demo.html
lip.sourceforge.net/ctreemap.html
lip.sourceforge.net/ctreemap.html


LIST OF FIGURES

2.18 This example node-link visualization shows the work done in the
area of operating systems, workflow, and database provenance vi-
sualization from 1991 to 2013. The nodes shown as dots and the
links shown as lines connecting the nodes. Adopted from [37]. . . . . 34

2.19 VisTrail: (a) node-link view of the dataflow, (b) spreadsheet view
shows different visualizations of the data instances. Adopted from
[36]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

2.20 Workflow provenance information recorded in text using glyph-based
graph visualization. Each node is enriched with multivariate glyphs
to visualize more information. Adopted from [135]. . . . . . . . . . . 35

2.21 The InProv tool was developed to visualize file system provenance.
The left image shows the interactions of the “bash” node with its
parent nodes (connected by blue edges) and child nodes (connected
by red edges). The right image shows “node stack” and “context
views” to provide browsing history and location context. Adopted
from [29]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

3.1 The three different strategies considered are illustrated in this fig-
ure. (1) In Database the task may include capture and storage in a
file system, to enter files into a database, search in the database, and
finally package and delivery. (2) In Enterprise Search Engine the task
of recording each file in a database is eliminated and here the file
search over a distributed file system is through an enterprise search
engine. (3) In Visualization-assisted Enterprise Search Engine the search
using the enterprise search engine is supported by visualization ca-
pabilities. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

3.2 The modules of the enterprise search engine. . . . . . . . . . . . . . . 48

177



LIST OF FIGURES

3.3 Top window: an example screenshot of the search interface, which
is designed to be used with two computer displays. The compo-
nents shown in the first display are (1) the search query form, (2) the
tabular view of search results, (3) the graph view of SPG illustrating
how the user (focus) collaborated with others, (4) the collaboration
summary view, illustrates the similarity between the search queries
performed by the administrators, (5) glyph-based view, uses multi-
variate glyphs for search queries and search results which are shown
above and below the central line respectively, and (6) are the di-
alogs for showing the queries and the late-discovered files. Bottom
window: the component shown in the second display is a treemap
visualization of a file system and the search results encoded in mul-
tivariate glyphs. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

3.4 A flowchart of the VAESE system illustrating a typical search pro-
cess and the visualization of the search results and provenance. . . . 50

4.1 The architecture of the enterprise search engine. This chapter fo-
cuses on the Search part: multiple Ontology assisted (a) query ex-
pansion, (b) field-based ranking, and (c) active learning of the on-
tologies. The search engine also facilitates the functionalities (e.g.,
the search space information and ontologies for computing seman-
tic query similarity in SPG) for the integration of visualization com-
ponents to be discussed in following chapters. . . . . . . . . . . . . . 68

4.2 A snippet of the term ontology shows the weights of the search term
“building” and its related terms in one-link away. In this example,
four different sets of users feedback data are used to train the on-
tologies, showing the RFIs and changes in weights before (w′) and
after normalization (wn). . . . . . . . . . . . . . . . . . . . . . . . . . . 81

4.3 Comparison of the precision and recall before and after training
with three different training sets. . . . . . . . . . . . . . . . . . . . . . 85

4.4 The CDF of query processing time, 500 queries over 0.5 million files. 86

4.5 (a) The mean and median of execution times for queries vs. dataset
size. (b) The index size vs. dataset size. . . . . . . . . . . . . . . . . . 88

5.1 The conventional depiction of search results as coloured-dots on a
treemap results in great difficulties in visual search. In the back-
ground/context green are directories and purple are files. . . . . . . . 95

178



LIST OF FIGURES

5.2 When multivariate glyphs are used the occlusion would make the
underlying context difficult to see. . . . . . . . . . . . . . . . . . . . . 95

5.3 We propose to use cyclically animated glyphs to address both diffi-
culties shown in Figure 5.1 and 5.2. . . . . . . . . . . . . . . . . . . . . 96

5.4 File attribute glyph. Four different parameters (type, size, date and
time) are encoded into the glyph. . . . . . . . . . . . . . . . . . . . . . 101

5.5 Visualization of file search, featuring glyphs for search results (fo-
cus) and a treemap for the file system (context). . . . . . . . . . . . . . 104

5.6 Design options of temporal transfer functions. Each TTF is shown
as a time series, with x-axis shows the normalized time, and y-axis
shows the switch between focus (1) and context (0). The five TTFs
in each row represent different focus/context ratio, while the three
rows represent different transition periods from minimum to maxi-
mum. The values of transition periods are 0, 300, and 375 ms. . . . . 105

5.7 Results of the Controlled Experiment One. . . . . . . . . . . . . . . . 108

5.8 Results of the Controlled Experiment Two (D5: 5 pixels difference,
D15: 15 pixels difference, and so on). . . . . . . . . . . . . . . . . . . . 110

5.9 Results of the Controlled Experiment Three. . . . . . . . . . . . . . . . 111

6.1 In a traditional query-flow graph, each node represents a query and
the weight wi,j of the directed edge from Qi to Qj represents the
likelihood that the two queries are part of the same search session. . 123

6.2 In the overall SPG, there are different types of nodes and edges. The
nodes are hierarchically organized. . . . . . . . . . . . . . . . . . . . . 124

6.3 Glyph design for search provenance graphs. (a) Six different design
options for characterizing a query, (b) the colours and icons used
to highlight different query fields, and (c) the glyph components to
depict a file in search results (FP: False Positive). . . . . . . . . . . . . 130

6.4 This example SPG graph view of SPG displayed on Julie’s search
provenance window. It illustrates how Julie (focus) collaborated
with other administrators. For example, Julie’s fourth query is for-
mulated based on Charlotte and in Julie’s second day of search she
formulated two queries based on Andy. The last nine queries from
Julie’s search are selected for glyph-based view as shown in Figure
6.5. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134

179



LIST OF FIGURES

6.5 An example glyph-based visualization of the queries selected in Fig-
ure 6.4. The search queries are shown above the central line, and the
search results are shown beneath the central line. Each search query
may feature four criteria, clockwise, keyword, type, size and date.
An icon appears when this criterion is new or has been changed.
The search results are shown in two forms: summary statistics are
shown when research results consist of more than 25 files and macro-
glyph otherwise. For search results, green represents newly found
files, gray represent files common to the current and previous queries,
blue represents files appeared only in the previous query, and the
red represents the selected files. The background colour of the ‘Late
Discovery’ dialog is gray as there is currently no newly discovered
file. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135

6.6 This example collaboration summary view of SPG illustrates the
similarity between the search queries performed by the administra-
tors associated with a project. . . . . . . . . . . . . . . . . . . . . . . . 137

A.1 An index creation and search process. Here, searches happen in the
Inverted Index (TermMap) and the File Attribute Data (FileAttributeMap)
stored in memory. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153

A.2 (a) A file Attribute structure holds all file attribute names, e.g.,
file name, type, size etc. (b) AttributeMap holds all the attribute
name and value of a file as a key-value pair. (c) In this example, a
file /home/budget/budget.xlsx of 1024 byte size is indexed in
a AttributeMap container. . . . . . . . . . . . . . . . . . . . . . . . . 153

A.3 (a) File Attribute Data– each file is assigned with a unique identifier
(fileId), and its attribute values are stored in a FileAttributeMap.
(b) In this example, two files /home/budget/budget.xlsx and
/home/budget/finance.docx are assigned with fileId: 0 and
1 respectively. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 154

A.4 (a) Inverted index– is stored in the TermMap. It contains the term
(as key) and the files it is appearing on with its frequency in the post
map (PostMap). (b) The example inverted index is created from
files illustrated in Figure A.3 (b). . . . . . . . . . . . . . . . . . . . . . 154

A.5 The format of Attribute Name File (ANF). The Attribute data
structure is saved in this file. . . . . . . . . . . . . . . . . . . . . . . . . 157

180

/home/budget/budget.xlsx
/home/budget/budget.xlsx
/home/budget/finance.docx


LIST OF FIGURES

A.6 (a) The formats of Attribute Index File (AIF) and Attribute Data File
(ADF). These files stores the FileAttributeMap. (b) This example
shows a AIF and a ADF storing the FileAttributeMap illustrated
in Figure A.3 (b). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 157

A.7 (a) The formats of Term Index File (TIF) and Post Information File
(PIF). The inverted index information, i.e., the TermMap is saved in
the disk using these two files. (b) This example shows a TIF and a
PIF storing the TermMap illustrated in Figure A.4 (b). . . . . . . . . . 158

A.8 Index management using in-memory and disk data. Here, a part of
inverted index (TermMap) is loaded in memory. The keywords are
searched in the TermMap and the corresponding file attributes are
accessed from the PIF, AIF, and ADF stored in the disk. . . . . . . . . 160

A.9 This example illustrates a search to retrieve all the files related to the
keyword “home”. The inverted index (the TermMap) is accessed
from memory and the file attribute data is accessed from the files
stored in the disk. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160

A.10 Illustrates a dynamic index management process. This allows query-
ing while at the same time deletion and addition of files to the index. 161

B.1 Example screenshots of Experiment One as presented to the partici-
pants. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 166

B.2 Stimuli (patterns) used in Experiment One. . . . . . . . . . . . . . . . 167
B.3 Example screenshots of Experiment Two as presented to the partic-

ipants. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 168
B.4 Stimuli used in Experiment Two. . . . . . . . . . . . . . . . . . . . . . 168
B.5 Example screenshots of Experiment Three as presented to the par-

ticipants. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 168
B.6 Stimuli used in Experiment Three. . . . . . . . . . . . . . . . . . . . . 169
B.7 Results of the static dots vs. animated dots. . . . . . . . . . . . . . . . 171
B.8 Results of the static dots vs. static glyphs. . . . . . . . . . . . . . . . . 172
B.9 Results of the static glyphs vs. animated glyphs. . . . . . . . . . . . . 173
B.10 Results of the animated dots vs. animated glyphs. . . . . . . . . . . . 173

181





List of Tables

2.1 Key features of commercial BIM software (to continue in Table 2.2). . 37
2.2 Continued from Table 2.1. . . . . . . . . . . . . . . . . . . . . . . . . . 38

3.1 Statistics of three Laing O’Rourke Projects– files captured and stored
in distributed file system, files recorded in RDBMS, and the number
of files issued to the customer. [Source: Laing O’Rourke] . . . . . . . 58

3.2 Statistics for life-cycle of files costs in person-days (8 person-hours
per person-day). [Source: Laing O’Rourke] . . . . . . . . . . . . . . . 60

3.3 Search-only cost in person-days (8 person-hours per person-day):
local search in database, centralized search using enterprise search
engine, and centralized search using visualization-assisted enter-
prise search engine. [Source: Laing O’Rourke] . . . . . . . . . . . . . 60

4.1 Size distribution for different types of files . . . . . . . . . . . . . . . 82

183





List of Algorithms

4.1 NormalizeWeights (w′i) . . . . . . . . . . . . . . . . . . . . . . . . . . . 80
A.1 File::addAttribute(name, attribute) . . . . . . . . . . . . . . . . . . . . 156
A.2 IndexWriter::addFile(File) . . . . . . . . . . . . . . . . . . . . . . . . . 156
A.3 IndexReader::search(term) . . . . . . . . . . . . . . . . . . . . . . . . . 159
A.4 IndexWriter::addDynamic(File) . . . . . . . . . . . . . . . . . . . . . . 162
A.5 IndexWriter::deleteDynamic(fileId) . . . . . . . . . . . . . . . . . . . . 162
A.6 IndexWriter::deleteDynamic(term) . . . . . . . . . . . . . . . . . . . . 163

185





Bibliography

[1] A. Abdul-Rahman, J. Lein, K. Coles, E. Maguire, M. Meyer, M. Wynne, C. R.
Johnson, A. Trefethen, and M. Chen. Rule-based Visual Mappings, with a
Case Study on Poetry Visualization. Comp. Graphics Forum, 32(3), 2013. 30,
97

[2] A. Abdul-Rahman, E. Maguire, and M. Chen. Comparing Three Designs of
Macro-Glyphs for Poetry Visualization. In Eurographics Conf. on Visualization,
2014. 31, 131

[3] R. A. Abrams and S. E. Christ. Motion onset captures attention. Psychological
Science, 14(5):427–432, 2003. 93

[4] N. Agrawal, A. C. Arpaci-Dusseau, and R. H. Arpaci-Dusseau. Generating
Realistic Impressions for File-system Benchmarking. In Proc. 7th Conf. on File
and Storage Technologies, pages 125–138, 2009. 83, 84

[5] S. Allard, K. J. Levine, and C. Tenopir. Design engineers and technical pro-
fessionals at work: Observing information usage in the workplace. Journal of
the American Society for Information Science and Technology, 60(3):443–454, mar
2009. 2

[6] Y. Amsterdamer, S. B. Davidson, D. Deutch, T. Milo, J. Stoyanovich, and
V. Tannen. Putting lipstick on pig: enabling database-style workflow prove-
nance. In Proc. VLDB Endowment, volume 5, pages 346–357, 2011. 35

[7] K. Andrews, V. Sabol, W. Lackner, C. Gütl, and J. Moser. Search Result Vi-
sualisation with xFIND. In Proc. 2nd Int. Workshop on User Interfaces to Data
Intensive Systems, page 50, 2001. 19, 94

[8] C. Andronis, A. Sharma, V. Virvilis, S. Deftereos, and A. Persidis. Litera-
ture mining, ontologies and information visualization for drug repurposing.
Briefings in bioinformatics, 12(4):357–68, 2011. 123

187



BIBLIOGRAPHY

[9] R. Angles. A comparison of current graph database models. In IEEE 28th
Int. Conf. on Data Engineering Workshops, pages 171–177, 2012. 71

[10] D. Auber, C. Huet, A. Lambert, B. Renoust, A. Sallaberry, and A. Saulnier.
GosperMap: using a Gosper Curve for laying out hierarchical data. IEEE
Trans. on Visualization & Comp. Graphics, 19(11):1820–32, 2013. 26, 27, 176

[11] A. D. Baddeley. Short-term memory for word sequences as a function of
acoustic, semantic and formal similarity. Quarterly Journal of Experimental
Psychology, 18(4):362–365, 1966. 93

[12] R. Baeza-Yates. Graphs from Search Engine Queries. In Proc. 33rd Conf. on
Current Trends in Theory and Practice of Comp. Sc., volume 4362 of LNCS, pages
1–8, 2007. 123

[13] P. Bak, F. Mansmann, H. Janetzko, and D. A. Keim. Spatiotemporal analysis
of sensor logs using growth ring maps. IEEE Trans. on Visualization & Comp.
Graphics, 15(6):913–920, 2009. 97

[14] K. Balog, L. Azzopardi, and M. de Rijke. Formal models for expert finding
in enterprise corpora. In Proc. SIGIR, page 43, 2006. 1

[15] M. Balzer, O. Deussen, and C. Lewerentz. Voronoi Treemaps for the Visu-
alization of Software Metrics. In Proc. ACM Symp. on Software Visualization,
page 165, 2005. 26, 27, 176

[16] L. Bavoil, S. P. Callahan, C. E. Scheidegger, P. J. Crossno, C. T. Silva, J. Freire,
and H. T. Vo. VisTrails: Enabling Interactive Multiple-View Visualizations.
In IEEE VIS, pages 135–142, 2005. 35, 122

[17] O. Ben-Yitzhak, S. Yogev, N. Golbandi, N. Har’El, R. Lempel, A. Neumann,
S. Ofek-Koifman, D. Sheinwald, E. Shekita, and B. Sznajder. Beyond basic
faceted search. In Proc. WSDM, page 33, 2008. 18

[18] J. Bertin. Semiology of Graphics. University of Wisconsin Press, 1983. 29, 97

[19] J. Bhogal, A. MacFarlane, and P. Smith. A review of ontology based query
expansion. Information Processing & Management, 43(4):866–886, 2007. 18, 39,
67

188



BIBLIOGRAPHY

[20] A. Billig, E. Blomqvist, and F. Lin. Semantic Matching Based on Enterprise
Ontologies. In On the Move to Meaningful Internet Systems, volume 4803 of
LNCS, pages 1161–1168. 2007. 17, 66

[21] C. M. Bishop. Pattern recognition and machine learning. Springer, 2007. 78

[22] O. Biton, S. Cohen-Boulakia, and S. B. Davidson. Zoom*UserViews: query-
ing relevant provenance in workflow systems. In Proc. VLDB, pages 1366–
1369, 2007. 35

[23] O. Biton, S. Cohen-Boulakia, S. B. Davidson, and C. S. Hara. Querying and
Managing Provenance through User Views in Scientific Workflows. In IEEE
24th Int. Conf. on Data Engineering, pages 1072–1081, 2008. 35, 122

[24] R. Blanch and E. Lecolinet. Browsing Zoomable Treemaps: Structure-Aware
Multi-Scale Navigation Techniques. IEEE Trans. on Visualization & Comp.
Graphics, 13(6):1248–1253, 2007. 25

[25] P. Boldi, F. Bonchi, C. Castillo, D. Donato, A. Gionis, and S. Vigna. The
Query-flow Graph: Model and Applications. In Proc. CIKM, pages 609–618,
2008. 124, 145

[26] P. Boldi, F. Bonchi, C. Castillo, and S. Vigna. Query reformulation mining:
models, patterns, and applications. Information Retrieval, 14(3):257–289, 2010.
126, 145

[27] I. Bordino, C. Castillo, D. Donato, and A. Gionis. Query similarity by pro-
jecting the query-flow graph. In Proc. SIGIR, page 515, 2010. 126, 145

[28] R. Borgo, J. Kehrer, D. H. S. Chung, E. Maguire, R. S. Laramee, H. Hauser,
M. Ward, and M. Chen. Glyph-based Visualization: Foundations, Design
Guidelines, Techniques and Applications. Eurographics State of the Art Re-
ports, pages 39–63, 2013. 28, 29, 30

[29] M. A. Borkin, C. S. Yeh, M. Boyd, P. Macko, K. Z. Gajos, M. Seltzer, and
H. Pfister. Evaluation of filesystem provenance visualization tools. IEEE
Trans. on Visualization & Comp. Graphics, 19(12):2476–85, dec 2013. 35, 36, 122,
177

[30] M. Bostock, V. Ogievetsky, and J. Heer. D3: Data-Driven Documents. IEEE
Trans. Visualization & Comp. Graphics, 17(12):2301–2309, 2011. 48

189



BIBLIOGRAPHY

[31] R. P. Botchen, S. Bachthaler, F. Schick, M. Chen, G. Mori, D. Weiskopf, and
T. Ertl. Action-based multifield video visualization. IEEE Trans. on Visualiza-
tion & Comp. Graphics, 14(4):885–899, 2008. 31

[32] B. Bridgeman, A. H. C. der Heijden, and B. M. Velichkovsky. A theory of
visual stability across saccadic eye movements. Behavioral and Brain Sciences,
17(02):247–258, 1994. 92

[33] M. Bruls, K. Huizing, and J. J. Van Wijk. Squarified Treemaps. In In Proc.
Joint Eurographics and IEEE TCVG Symp. on Visualization, pages 33–42, 1999.
103

[34] A. Buccella, A. Cechich, and P. Fillottrani. Ontology-driven geographic in-
formation integration: A survey of current approaches. Comp. & Geosciences,
35(4):710–723, 2009. 71

[35] Y. Cai, X. L. Dong, A. Halevy, J. M. Liu, and J. Madhavan. Personal informa-
tion management with SEMEX. In Proc. SIGMOD, pages 921–923, 2005. 14,
66

[36] S. P. Callahan, J. Freire, E. Santos, C. E. Scheideggers, C. T. Silva, and H. T.
Vo. VisTrails: Visualization Meets Data Management. In Proc. SIGMOD,
page 745, jun 2006. 34, 35, 46, 119, 122, 177

[37] L. Carata, S. Akoush, N. Balakrishnan, T. Bytheway, R. Sohan, M. Selter, and
A. Hopper. A primer on provenance. Communications of the ACM, 57(5):52–
60, may 2014. 33, 34, 119, 122, 177

[38] S. K. Card, J. D. Mackinlay, and B. Schneiderman. Readings in information
visualization: using vision to think. Morgan Kaufmann, 1999. 98

[39] S. K. Card, P. Pirolli, M. Van Der Wege, J. B. Morrison, R. W. Reeder, P. K.
Schraedley, and J. Boshart. Information scent as a driver of web behavior
graphs: results of a protocol analysis method for web usability. In Proc.
SIGCHI, pages 498–505, mar 2001. 32, 33, 40, 122

[40] S. Carpendale, M. Chen, D. Evanko, N. Gehlenborg, C. Gorg, L. Hunter,
F. Rowland, M.-A. Storey, and H. Strobelt. Ontologies in biological data vi-
sualization. IEEE Comp. Graphics and Applications, 34(2):8–15, 2014. 123

190



BIBLIOGRAPHY

[41] P. Castells, M. Fernandez, and D. Vallet. An Adaptation of the Vector-Space
Model for Ontology-Based Information Retrieval. IEEE Trans. on Knowledge
and Data Engineering, 19(2):261–272, 2007. 17, 66, 82, 146

[42] M. Chau. Visualizing web search results using glyphs: Design and evalua-
tion of a flower metaphor. ACM Trans. on Management Information Systems,
2(1):1–27, 2011. 19, 30, 96

[43] C. Chen. CiteSpace-II: Detecting and visualizing emerging trends and tran-
sient patterns in scientific literature. Journal of the American Society for Infor-
mation Science and Technology, 57(3):359–377, 2006. 30, 97

[44] J. Chen, H. Guo, W. Wu, and C. Xie. Search your memory ! - an associative
memory based desktop search system. In Proc. SIGMOD, pages 1099–1102,
2009. 17, 66

[45] M. Chen, L. Floridi, and R. Borgo. What Is Visualization Really For? In
The Philosophy of Information Quality, pages 75–93. Springer Synthese Library,
2014. 47

[46] M. Chen and A. Golan. What May Visualization Processes Optimize? IEEE
Trans. on Visualization & Comp. Graphics, (99):1–14, 2015. 47

[47] P. Chen, B. Plale, Y.-W. Cheah, D. Ghoshal, S. Jensen, and Y. Luo. Visual-
ization of network data provenance. In 19th Int. Conf. on High Performance
Computing, pages 1–9. IEEE, dec 2012. 34

[48] H. Chernoff. The Use of Faces to Represent Points in K-Dimensional
Space Graphically on JSTOR. Journal of the American Statistical Association,
68(342):361–368, 1973. 30

[49] S. Chernov, G. Demartini, E. Herder, M. Kopycki, and W. Nejdl. Evaluating
personal information management using an activity logs enriched desktop
dataset. In Proc. 3rd PIM Workshop, 2008. 82

[50] S. Chernov, P. Serdyukov, P.-A. Chirita, G. Demartini, and W. Nejdl. Building
a Desktop Search Test-Bed. In Advances in Information Retrieval, volume 4425
of LNCS, pages 686–690. 2007. 82, 83

[51] E. H. Chi. Improving Web usability through visualization. IEEE Internet
Computing, 6(2):64–71, 2002. 32, 34, 40, 122

191



BIBLIOGRAPHY

[52] P.-A. Chirita, S. Costache, W. Nejdl, and R. Paiu. Beagle++ : Semantically
Enhanced Searching and Ranking on the Desktop. In The Semantic Web: Re-
search and Applications, volume 4011 of LNCS, pages 348–362. 2006. 17, 66

[53] M. C. Chuah and S. G. Eick. Information rich glyphs for software manage-
ment data. IEEE Comp. Graphics & Applications, 18(4):24–29, 1998. 31, 97

[54] S. Cohen, C. Domshlak, and N. Zwerdling. On Ranking Techniques for Desk-
top Search. ACM Trans. on Information Systems, 26(2):1–24, 2008. 1, 15, 18, 39,
66, 68, 82

[55] E. Cutrell, D. Robbins, S. Dumais, and R. Sarin. Fast, flexible filtering with
phlat. In Proc. SIGCHI, pages 261–270, 2006. 15, 66

[56] J. L. Dannemiller. Motion Popout in Selective Visual Orienting at 4.5 But Not
at 2 Months in Human Infants. Infancy, 8(3):201–216, 2005. 93

[57] S. B. Davidson and J. Freire. Provenance and scientific workflows: challenges
and opportunities. In Proc. SIGMOD, page 1345, 2008. 35

[58] N. Del Rio and P. P. Da Silva. Probe-it! Visualization Support for Provenance.
In Int. Conf. on Advances in Visual Computing, pages 732–741, 2007. 34, 35, 122

[59] T. Deng, L. Zhao, H. Wang, Q. Liu, and L. Feng. ReFinder: A Context-Based
Information Refinding System. IEEE Trans. on Knowledge and Data Engineer-
ing, 25(9):2119–2132, 2013. 17, 67, 82

[60] M. C. Díaz-Galiano, M. T. Martín-Valdivia, and L. A. Ureña-López. Query
expansion with a medical ontology to improve a multimodal information
retrieval system. Computers in Biology and Medicine, 39(4):396–403, 2009. 18,
67

[61] M. D. Dikaiakos, A. Katsifodimos, and G. Pallis. Minersoft: Software Re-
trieval in Grid and Cloud Computing Infrastructures. ACM Trans. on Internet
Technology, 12(1):1–34, 2012. 14, 66

[62] J.-P. Dittrich and M. A. V. Salles. iDM: a unified and versatile data model for
personal dataspace management. In Proc. 32nd Int. Conf. on Very Large Data
Bases, pages 367–378, 2006. 15, 66

192



BIBLIOGRAPHY

[63] P. Dmitriev, P. Serdyukov, and S. Chernov. Enterprise and Desktop Search.
In WWW, pages 1345–1346, 2010. 1, 18, 68

[64] M. E. Dolan and J. A. Blake. Using ontology visualization to facilitate access
to knowledge about human disease genes. Applied Ontology, 4(1):35–49, 2009.
123

[65] A. Dong and H. Li. Multi-ontology based multimedia annotation for
domain-specific information retrieval. In IEEE Int. Conf. on Sensor Networks,
Ubiquitous, and Trustworthy Computing, volume 2, pages 158–165, 2006. 17, 67

[66] M. Dörk, S. Carpendale, C. Collins, and C. Williamson. VisGets: coordinated
visualizations for web-based information exploration and discovery. IEEE
Trans. on Visualization & Comp. Graphics, 14(6):1205–12, 2008. 20, 21, 96, 119,
121, 175

[67] M. Dörk, S. Carpendale, and C. Williamson. Fluid Views: A Zoomable
Search Environment. In Proc. Int. Working Conf. on Advanced Visual Interfaces,
page 233, 2012. 20, 21, 96, 121, 176

[68] M. Dork, N. H. Riche, G. Ramos, and S. Dumais. PivotPaths: Strolling
through Faceted Information Spaces. IEEE Trans. on Visualization & Comp.
Graphics, 18(12):2709–2718, 2012. 21, 121, 176

[69] M. Dörk, C. Williamson, and S. Carpendale. Towards Visual Web Search : In-
teractive Query Formulation and Search Result Visualization. WWW Work-
shop on Web Search Result Summarization and Presentation, pages 2–5, 2009. 21,
121

[70] M. Dörk, C. Williamson, and S. Carpendale. Navigating Tomorrow’s Web:
From Searching and Browsing to Visual Exploration. ACM Trans. on the Web,
6(3):1–28, 2012. 21, 121

[71] G. M. Draper, Y. Livnat, and R. F. Riesenfeld. A survey of radial methods
for information visualization. IEEE Trans. on Visualization & Comp. Graphics,
15(5):759–776, 2009. 97

[72] B. Duffy, J. Thiyagalingam, S. Walton, D. J. Smith, A. Trefethen, J. C.
Kirkman-Brown, E. a. Gaffney, and M. Chen. Glyph-Based Video Visual-
ization for Semen Analysis. IEEE Trans. on Visualization & Comp. Graphics,
(99):1–14, 2013. 29, 31, 176

193



BIBLIOGRAPHY

[73] D. Duke, K. Brodlie, D. Duce, and I. Herman. Do You See What I Mean?
IEEE Comp. Graphics and Applications, 25(3):6–9, 2005. 123

[74] S. Dumais, E. Cutrell, J. J. Cadiz, G. Jancke, R. Sarin, and D. C. Robbins. Stuff
I’ve seen: a system for personal information retrieval and re-use. In Proc.
SIGIR, pages 72–79, 2003. 15, 32, 66, 122

[75] C. Dunne, N. Henry Riche, B. Lee, R. Metoyer, and G. Robertson. GraphTrail:
Analyzing Large Multivariate, Heterogeneous Networks while Supporting
Exploration History. In Proc. CHI, page 1663, 2012. 34, 122

[76] O. Eck and D. Schaefer. A semantic file system for integrated product data
management. Advanced Engineering Informatics, 25(2):177–184, apr 2011. 16

[77] B. El Idrissi, S. Baina, and K. Baina. Automatic generation of ontology from
data models: A practical evaluation of existing approaches. In IEEE 7th Int.
Conf. on Research Challenges in Information Science, pages 1–12, 2013. 18, 67

[78] D. Elsweiler and I. Ruthven. Towards task-based personal information man-
agement evaluations. In Proc. SIGIR, pages 23–30, 2007. 82

[79] K. M. Evans and G. H. Kuenning. A Study of Irregularities in File-Size Distri-
butions. In Int. Symp. on Performance Evaluation of Comp. and Telecom. Systems,
2002. 84

[80] M. Farrugia and A. Quigley. Effective temporal graph layout: A comparative
study of animation versus static display methods. Information Visualization,
10(1):47–64, 2011. 97

[81] M. Fernández, I. Cantador, V. López, D. Vallet, P. Castells, and E. Motta.
Semantically enhanced Information Retrieval: an ontology-based approach.
Web Semantics, 9(4):434–452, 2011. 17, 67, 81

[82] M. Fernandez, V. Lopez, M. Sabou, V. Uren, D. Vallet, E. Motta, and
P. Castells. Using TREC for cross-comparison between classic IR and
ontology-based search models at a Web scale. In WWW, 2009. 81

[83] D. Fisher. Animation for visualization: opportunities and drawbacks. In
J. Steele and N. Iliinsky, editors, Beautiful Visualization, chapter 19, pages 329–
352. O’Reilly Media, 2010. 93

194



BIBLIOGRAPHY

[84] B. M. Fonseca, P. B. Golgher, E. S. de Moura, and N. Ziviani. Using Associa-
tion Rules to Discover Search Engines Related Queries. In Proc. 1st Conf. on
Latin American Web Congress, page 66. IEEE Comp. Society, 2003. 126

[85] C. Friedrich and P. Eades. Graph Drawing in Motion. Journal of Graph Algo-
rithms & Applications, 6(3):353–370, 2002. 106

[86] G. Fuchs and H. Schumann. Visualizing abstract data on maps. In Eighth Int.
Conf. on Information Visualisation, pages 139–144, 2004. 97

[87] R. Fuchs and H. Hauser. Visualization of Multi-Variate Scientific Data. Comp.
Graphics Forum, 28(6):1670–1690, 2009. 31, 97

[88] G. Gao, Y.-S. Liu, M. Wang, M. Gu, and J.-H. Yong. A query expansion
method for retrieving online BIM resources based on Industry Foundation
Classes. Automation in Construction, 56:14–25, 2015. 37

[89] A. Gehani and D. Tariq. SPADE: support for provenance auditing in dis-
tributed environments. In Proc. 13th Int. Middleware Conf., pages 101–120,
2012. 34

[90] O. Gilson, N. Silva, P. Grant, and M. Chen. From Web Data to Visualization
via Ontology Mapping. Comp. Graphics Forum, 27(3):959–966, 2008. 123

[91] E. Gomez-Nieto, F. San Roman, P. Pagliosa, W. Casaca, E. S. Helou, M. C. F.
de Oliveira, and L. G. Nonato. Similarity preserving snippet-based visu-
alization of web search results. IEEE Trans. Visualization & Comp. Graphics,
20(3):457–70, 2014. 21, 22, 121, 126, 145, 176

[92] M. Gray, A. Badre, and M. Guzdial. Visualizing usability log data. In Proc.
IEEE Symp. on Information Visualization, pages 93–98, 1996. 32, 40, 122

[93] G. Grefenstette. Enterprise search trends and challenges. In CHORUS Final
Conf., 2009. 1

[94] P. J. Guo and M. Seltzer. BURRITO: Wrapping Your Lab Notebook in Com-
putational Infrastructure. In Proc. 4th Usenix Conf. on Theory and Practice of
Provenance (TAPP), pages 1–4, 2012. 36

[95] K. A. Gyllstrom, C. Soules, and A. Veitch. Confluence: enhancing contextual
desktop search. In Proc. SIGIR, page 717, 2007. 17, 66

195



BIBLIOGRAPHY

[96] G. J. Hahm, J. H. Lee, and H. W. Suh. Semantic relation based personalized
ranking approach for engineering document retrieval. Advanced Engineering
Informatics, 29(3):366—-379, feb 2015. 2, 16

[97] G. J. Hahm, M. Y. Yi, J. H. Lee, and H. W. Suh. A personalized query ex-
pansion approach for engineering document retrieval. Advanced Engineering
Informatics, 28(4):344–359, oct 2014. 2, 16, 39
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