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Abstract

In many large engineering enterprises, searching for files is a high-volume routine activity. Visualization-assisted search facilities
can significantly reduce the cost of such activities. In this paper, we introduce the concept of Search Provenance Graph (SPG), and
present a technique for mapping out the search results and externalizing the provenance of a search process. This enables users to be
aware of collaborative search activities within a project, and to be able to reason about potential missing files (i.e., false negatives)
more effectively. We describe multiple ontologies that enable the computation of SPGs while supporting an enterprise search
engine. We demonstrate the novelty and application of this technique through an industrial case study, where a large engineering
enterprise needs to make a long-term technological plan for large-scale document search, and has found the visualization-assisted
approach to be more cost-effective than alternative approaches being studied.
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1. Introduction

With a growing amount of data in enterprises, managing and
searching for information is becoming a challenge. In Infor-
mation Retrieval (IR), the concept of Enterprise Search was in-
troduced to encourage real-world application of IR, where an
enterprise develops an integrated data infrastructure, and en-
ables its stakeholders to have an effective search interface for
information retrieval. The scope of enterprise search has been
defined by a number of authors, e.g., Stenmark [1], Abrol et
al. [2], and Hawking [3]. Many have argued the importance of
enterprise search from the perspective of “the high cost of not
finding information” [4]. This work focuses on using visualiza-
tion to reduce the cost in the process of finding information.

It is estimated that the enterprise search industry is grow-
ing at 25% per year [5]. A tutorial in ACM SIGIR, 2010 [6]
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
[6]. For example, the structure of enterprise or desktop data
is different from that of Web data. The popular ranking tech-
nique (e.g., PageRank) is not effective in enterprises search [3].
Although the relevance feedback information can be used to
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learn and improve the rank of the search results in the enter-
prise search [7], such techniques often result in an extensive
amount of search results but do not guarantee adequate recall
and precision. Therefore, there is a need for effective designs of
visualization and interaction [8]. In enterprise search, discover-
ing information searched and found by experts and colleagues
is often part of a search strategy [9, 6]. Systematic support for
such collaborative search effort is thus highly desirable.

File search is an elementary task in enterprise search. In a
construction company, for example, a large number of files are
captured and stored in each project. These files may be of types
of reports, CAD files, presentations, scan copies, spreadsheets,
art works, images, audios, videos and so on. It has been re-
ported that stakeholders (e.g., engineers, managers, adminis-
trators) spend around 30% of time in file search [10, 11, 12].
However, searching through a large data infrastructure is a time
consuming operation, as (i) search queries often return a long
list of files, (ii) the list usually includes false positives, and (iii)
the queries often miss some target files (false negatives).

Previous research have been focused on different mecha-
nisms to improve the search time by enhancing the retrieval ca-
pability of enterprise search engines for engineering document
[11, 12], multi-topic documents [13], patents [14], mechatronic
data [15], BIM document [16, 17, 18] and so on. However, ex-
isting search engines typically do not provide information about
historical search activities. Even when it was done occasionally,
the information would be provided in a log form, and it would
be time-consuming to read and comprehend such data. In this
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work, we report a novel approach for using visualization to sup-
port collaborative search activities, utilizing both machine and
human capabilities.

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. Devising
effective search criteria is a complex cognitive process, which
depends on many factors, such as individual users’ knowledge
about the files to be searched, their familiarity of the organiza-
tion of the file repository, the critical nature of the search tasks,
the likelihood of missing files or multiple copies of the same
files, and so on. Visualization-assisted search tools have been
found to be effective in supporting search activities, e.g., assist-
ing in iteratively reformulating queries and visualizing search
results [19].

In an industrial search operation for engineering and business
documents, search tasks are often performed by a team over a
period. In order to enable such tasks to be performed efficiently
and effectively, it is necessary for team members to access and
share the provenance information [20] about the historical and
ongoing activities related to a task. For complex provenance
records, visualization can provide an enabling tool for users to
observe provenance information at a glance [21], improving the
cost-effectiveness in in collaborative search tasks, especially in
an industrial setting.

This work was conducted in the context of an industrial ap-
plication, where intensive file search is part of an industrial pro-
cess and is to be performed by a team on a daily basis. The
background requirements were defined several years ago for the
construction industry. By 2016, for a large number of building
projects, a construction company must pass on a collection of
documents to the client when a building is completed [22], en-
abling search and reuse of the digital assets. As the total num-
ber of files related to a building project could easily be in tens
or hundreds of thousands, and many are distributed among dif-
ferent 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 visu-
alization and search engine without visualization. This paper
presents the visualization-assisted search system, and reports
our experience in delivering a technical solution for a challeng-
ing industrial problem.

In this work, we addressed several requirements that cannot
currently be met by existing enterprise search systems (e.g.,
Lucene [23], Solr [24], and Indri [25]). These requirements
include:

(a) It is desirable to capture, retrieve, and visualize the prove-
nance records of project-based search processes that fea-
ture continuing and collaborative search activities lasting
for days or weeks. To accomplish this:

• 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 developed a combined glyph-graph vi-
sual representations for visualizing SPGs in a fo-
cus+context manner.

(b) It is necessary to couple a visualization interface with a
search engine, and to have a common semantic framework
for the knowledge base in a search engine and analytical
processing in visualization. For example, to measure the
similarity between two search records, it is essential to en-
sure that the same measurement is used by the search en-
gine and provenance visualization. Because it is not fea-
sible to access the knowledge base within a commercial
search engine, we had to develop a research search engine.
For this purpose,

• We have developed a prototype enterprise search en-
gine with visualization-assisted search capabilities
for supporting collaborative search activities, query
formulation and reformulation, and identification of
false positives and false negatives.

• We have developed multiple ontologies as a knowl-
edge base for supporting the search activities as well
as for computing semantic similarity in construct-
ing and updating SPGs for provenance visualization.
Ontologies stores concepts and instances, along with
their relations and properties as a knowledge-base
[26].

(c) It is beneficial to evaluate the proposed technical solution
in the context of a real world application. To achieve this:

• We have worked closely with a management team
in the industrial partner to compare three approaches
for supporting enterprise search operations, and as-
sisted the industrial partner in making a strategic plan
for meeting the new requirements to be implemented
in 2016. Our visualization-assisted approach com-
pared favorably with alternative approaches under in-
vestigation.

The rest of the paper is organized as follows. In Section 2 we
present an overview of the related literature. In Section 3 we de-
scribe the main motivation behind this work, and a real world
industrial scenario. In Section 4 we provide a formal definition
of the proposed SPG. In Section 5 we briefly describe an enter-
prise search engine developed to enable the implementation of
SPG and the visualization facilities. In Section 6 we propose an
algorithm to compute the similarity between queries in SPG. In
Section 7 we present glyph-based visualization and provenance
visualization techniques developed for this system. In Section
8 we report an evaluation of the visualization facilities by the
domain experts. In Section 9 we offer our concluding remarks.
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2. Related Work

Our work builds mainly on two areas of research (a) In-
formation Retrieval (IR): search strategies, query reformula-
tion, and query similarity measurement, and (b) Visualiza-
tion: visualization-assisted search, provenance visualization,
ontology-assisted visualization, and glyph-based visualization.

2.1. Search-related Visualization

Many research papers have been published by the visualiza-
tion and IR communities on navigation and exploration of the
Web information space.

VisGets [19] was developed to visualize different Web search
attributes, to assist in formulating search queries and to visu-
alize search results using interactive geographic maps and tag
clouds. Applications of VisGets to a variety of Web data col-
lections were demonstrated in [27]. An empirical study on
interactive and visual exploration of the Web using VisGets
was reported in [28]. Fluid Views [29] allows users to view
Web search results geographically and temporally in dual lay-
ers. PivotPaths [30] allows users to explore datasets with a va-
riety of relation types across various dimensions. A Voronoi
treemap to organize search results was proposed in [31]. Pro-
jSnippet [32] visualizes web search results in a global view and
provides a clustering technique for identifying similar content.
The similarity measurement used in this work is based on the
vector space model. Footprints [33] was developed for analysts
to help them search documents and articles.

2.2. Provenance Data Visualization

The visualization technique commonly used for provenance
data is the node-link diagram [20]. For example, such diagrams
are used for visualization workflows in VisTrails [34, 21, 35],
scientific workflows in [36], and biological experiment work-
flows in [37, 38]. They are also used in provenance manage-
ment tools such as Haystack [39], Probe-It [40], and Orbiter
[41]. These node-link diagrams feature a variety of visual en-
coding methods, such as including directed graphs [39, 40],
collapsible summary nodes [41], and glyph representations
[37, 38]. Dunne et al. proposed visualization of analytic prove-
nance in [42]. Borkin et al. [43] 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 [44].

2.3. Search Provenance or Log Visualization.

Web search activities generate query logs [45], usability logs
[46], and web clickstreams [47]. The SDSS Log Viewer [45]
was developed for identifying users’ data-seeking behaviors
from SQL query logs. Clickstreams [48, 49] supported the anal-
ysis of Web traffic and users Web path navigation behavior [50].
Behavior Graphs [48] used state diagrams to visualize search
structures on the Web for discovering usage patterns. WebQuilt
[51] and Webviz [52] used trees and node-link diagrams to visu-
alize click-streams. Lee et al. [49] used parallel coordinates and
star fields to visualize user paths and product performance. Wei
et al. [47] introduced an interactive clustering method to reveal

user behavior patterns from Web click-streams data. TrailEx-
plorer2 [53] used stacked bars and pie charts to discover valu-
able information from large-scale Web click-streams. Lam et
al. [54] provided users with multiple coordinated views for an-
alyzing Web search behaviors. Shi et al. [55] focused on an-
alyzing the dynamics of user loyalty and defection using Web
log entries. Stuff I’ve Seen [56] was developed to provide a
unified access to provenance of what a user has seen on their
desktop.

2.4. Ontology-assisted Visualization

There is a substantial amount of literature on visualizing on-
tologies and navigating their structures. Many of them can be
found in the survey paper [57]. The need to build an ontol-
ogy of visualization to capture the concepts and characteris-
tics of visualization was discussed in [58]. VisIOn [59] was
developed for categorizing and storing information about soft-
ware visualization systems. Gilson et al. [60] proposed to use
multiple ontologies to enable automated generation of visual-
ization. Carpendale et al. [61] discussed several research di-
rections in ontology-assisted visualization. Ontology-assisted
visualization has also been developed in applications such as
biology [62, 63, 64], Big Data [65], social networks [66], geog-
raphy [67] and so on.

3. Case Study: Enterprise File Search

This research was motivated by a significant industrial chal-
lenge in the construction industry. As part of Building Informa-
tion Modeling (BIM) [22, 68], the industry is expected to meet
a set of new requirements for providing clients with the rele-
vant data about a building and the building process at the end of
each building project. While the industry is formulating a de-
tailed specification about what documents and in what formats,
it has been developing strategies for meeting the requirements
in a cost-effective manner.

This collaborative work with a large construction enterprise
started some three years ago. We have studied the documents
about the requirements, and watched videos featuring discus-
sions about these requirements among senior figures in the in-
dustry. We considered two main strategies for addressing these
requirements, namely (a) requiring each building project to
maintain a high quality database of all documents, from which
a collection of the required files can easily be found at the end
of the project; (b) requiring all files to be accessible by a search
engine, which will be used by a team of administrators to com-
pile a collection of the required files when they are needed.

As part of the overall evaluation of these two strategies, a uni-
versity research project was formulated to study the feasibility
of strategy (b). In particular, the focuses have been placed on
two research questions: what technical features of search en-
gine are required, and how visualization can be used to support
file search?

It is not difficult to recognize that the construction indus-
try has a large number of stakeholders (e.g., clients, archi-
tects, suppliers, local governments, transport authorities) and
many teams within each construction enterprise. Many build-
ing projects last for years. The files accumulated during each
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project may be distributed in different parts of a large file sys-
tem. Each file may have different versions. Each team or stake-
holder may have different name convention. Some projects may
share a certain number of files. Errors in file naming and place-
ment are also expected. All these suggested that strategy (b)
might not be a winning strategy, though strategy (a) also has
some shortcomings such as the commitments of data archivists
for each project, and the risk of a single-point of failure within
each project.

3.1. Real World Scenarios

To help us appreciate the scale of file search activities, our
industrial partner provided us with statistics about several ex-
ample 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. 4 files were is-
sued 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.

• 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 challeng-
ing requirements. Firstly, although the database has likely cap-
tured most important files, more than 90% files are not search-
able 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.

Secondly, from 2016, the files to be issued to a client will
likely be in thousands if not more.

Thirdly, when a search engine was used instead of a database,
we do not require any database input and administration effort,
though the search would take longer time.

For such a high number of files to be found, the cost of search
activities is not trivial. Using a conventional enterprise search
engine without provenance capture, retrieval and visualization,
one could imagine a variety of difficulties. For example, when
a search engine returns hundreds or thousands, it is difficult for
a user to decide how many files to investigate, judge what that
may have been seen before, and guess what may not be among
the returned results. For thousands of files to be found, these ac-
tivities will continue for a period and may require collaborative
teamwork. It is difficult for a user to pick up search activities
after a weekend or from another colleague.

3.2. Cost Analysis

As part of the requirement analysis, we conducted cost anal-
ysis on three possible approaches to address the routine oper-
ational need for searching a large number of engineering and

business files. These three approaches are (a) Database of Files,
(b) Enterprise Search Engine, and (c) Visualization-assisted
Enterprise Search Engine. Approach (b) assumes that files will
be recorded in a database, with most semantic metadata (e.g.,
keywords, authors) will be entered by an administrator through-
out a project life-cycle. Approaches (b) and (c) assume that all
files are stored and accessible to a search engine, while there is
no need for regular database input by an administrator. Most
of the effort of search will be concentrated at the end of each
engineering project in order to return an appropriate set of files
to the client. Approach (c) will be supported by visualization
capacity as detailed in this paper and in [69], while (b) will be
supported by a textual user interface of conventional search en-
gines.

With the help of cost-analysis experts, we estimate the cost
of filing and search for all approaches and database input for
(a). The numerical values of the costs reflect typical business
costs and are estimated by taking averages over a period of time,
e.g., the average of how many files would be generated, how
many files would be stored in the distributed file system, how
many files would be entered in the database, how many files
would be searched and delivered to the customer, and so on.
The costs include typical overheads such as training meetings,
coffee-breaks, and vacations. They are not measurements of a
single task or a button pressing exercise where a task is per-
formed by pressing a button to indicate users’ response.

Using the Office Building Project as an example, if enter-
ing a file record into a database takes 40 minutes on average
(including some reading, figuring out metadata, record main-
tenance and overhead cost), entering 45,000 files would have
taken 30,000 person-hours or 3,750 person-days (i.e., 8 person-
hours per person-day). If all 591,906 files had to be recorded in
the database, it would take nearly 49,326 person-days.

On the other hand, 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. Meanwhile,
searching without a database 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. It is thus highly desirable to use visualization-
assisted search to reduce the costs involved.

We consider that appropriate visualization can help users to
identify false positives and false negatives, provide users with
external memorization of search history and enable them to re-
fine their search queries more effectively, and allow a team of
users to share information about search activities already per-
formed and to coordinate their activities in an informed man-
ner. Our estimated benefit of visualization can be translated to
about 50% reduction of search time. If one takes 8 minutes on
average to find a file using a visualization-assisted search en-
gine, 6,566 files would take about 875 person-hours or about
109 person-days.

When we combined all three types of costs (for filing,
database, and search), approach (c) was shown to be the most
cost-effective solution, which motivated the research described
in this paper.
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3.3. False Positives and Negatives in Search

One major challenge of strategy (b) is to deal with false posi-
tive and false negative in a search process. Given a set of search
criteria, a search engine executes a query, returning a set of re-
sults. Among these results, there are:

• True Positives — The files have met the search criteria,
and are also among those required by the user.

• False Positives — The files 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 have not met the search crite-
ria, and are not among those required by the user.

• False Negative — The files have not met the search crite-
ria, but are actually among those required by the user.

In the context of this research and its application, it is impor-
tant for the users to be able to identify and pick out true pos-
itives quickly among false positives. It is equally, if not more
important, for users to recognize the existence of false negatives
[69], and be able to hypothesize where these may be located in
the file system and what search criteria may reveal them.

At the early stage of the project, the industrial partner and the
university research team had established the following proposi-
tions for strategy (b):

• There will be a centralized team of data administrators,
who would be responsible for compiling a collection of all
required files towards the end of each building project.

• The number of required files was initially estimated at high
tens to a few hundreds on average, but later revised to a
few thousands. The process should ideally take about 5-10
workings days per project and may involve several admin-
istrators.

• The task can be performed collaboratively by several ad-
ministrators, so sharing of information among them is nec-
essary.

• The administrators will have undergone a training process,
and are expected to be familiar with the organization of the
enterprise’s large file infrastructure, and the search system,
including its visual interface.

• The administrators are not expected to know each individ-
ual project as well as those reside in the project, and may
not know, for instance, the exact file names, dates and lo-
cations. Nevertheless, they will have the high-level infor-
mation about the project, such as the project period, and
the major stakeholders and teams involved.

Viewing a textual list of search results has a major shortcom-
ing. It is difficult for a viewer to build a mental model about
where these files are, and how they related to each other. For

Figure 1: A treemap shows several levels of a distributed file system as the
search space, and glyphs represent results of a search with encoding of most
important file attributes (e.g., type, date, and size) [69].

such an observational task [70], visualization can help a viewer
in obtaining an overview quickly, and can provide a viewer
with external memorization compensating for the rather lim-
ited working memory of a human. By reducing the time and
cognitive load required for building a mental model and mem-
orization, a viewer can devote more time and cognitive load to
thinking (e.g., reasoning false positives and hypothesizing false
negatives) [71].

At the earlier stage of this feasibility study, we developed
a glyph-based visual interface for visualizing search results in
conjunction with a treemap representation of the file system
[69]. Figure 1 shows a screenshot of such a treemap visualiza-
tion of research results. This enables administrators to identify
false positives based on spatial awareness as well as the glyph
representations of the main attributes of individual returned by
the search. In addition, the visual representation can also stimu-
late hypotheses of false negatives. An evaluation in conjunction
with this early development showed that static glyphs and an-
imated dots are preferred visual representations of individual
files in the search results.

Following this early development, we focus on developing
visualization capability that allows users to explore search cri-
teria (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 re-
quired 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 strat-
egy. When a search process takes a few days and/or involves
more than one administrator, visualization support for search
provenance is essential.
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Figure 2: In a traditional query-flow graph, each node represents a query and
the weight wi, j of the directed edge from Qi to Q j represents the likelihood that
the two queries are part of the same search session.

4. Search Provenance Graph (SPG)

We can use a set of inter-connected data records to store the
provenance of search activities related to a search task (e.g.,
finding all required engineering and business documents to be
passed onto a client of an engineering project). The connections
between records can be made based on search activities (e.g.,
consecutive searches), reformation of search criteria, or similar-
ity of search criteria (determined algorithmically). These data
records can be shared and visualized by members of a search
team to facilitate collaboration, such as optimizing search crite-
ria, identifying search space that has been searched and not yet
to, and avoiding repeated search activities.

Such provenance information is usually stored in a graph-
based data structure. For example, five different types of query
graphs were defined by Baeza-Yates [72] 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 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. [73] proposed the query flow graph to store sta-
tistical and relational information about users’ querying behav-
iors, e.g., interests, preferences, and feedbacks to search results.
It is constructed by mining query logs, and it is used for query
log analysis, user profiling and personalization, and query rec-
ommendation. Figure 2 shows a query flow graph, where each
node represents a query and each directed edge from query Qi

to query Q j 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 di-
rectly used for representing provenance of search activities in
the context of this work. Firstly, the provenance in our applica-
tion is project-based, as described in Section 3. It is important
for each administrator or a small team of administrators to be
aware of the provenance of search activities related to a spe-
cific project, while the search activities 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 reformu-
lating 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 asso-
ciated with attributes such as search query, time-stamp, search
results, and selected results. Each edge indicates a connection
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Figure 3: In the overall SPG, there are different types of nodes and edges. The
nodes are hierarchically organized.

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 previ-
ous query(s). It can also be activated 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 connec-
tion is inserted into the SPG by a housekeeping program that
periodically computes the similarity between nodes in an SPG.
Such implicit connections allow users in collaboration to ob-
serve similar search criteria that have been performed by differ-
ent members in a team.

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

The overall SPG is maintained by the enterprise search sys-
tem, and it is partitioned 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 ac-
tivities are individually recorded.

As illustrated in Figure 3, 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 representing dif-
ferent 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 undi-
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rected 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 connection. 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 reconfig-
ured.

The connections from the root to projects are implicitly de-
fined 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 mul-
tiple incoming solid edges results from a reformulation based
on more than one previous query. A dotted directed edge indi-
cates that the succeeding query is not based on a preceding node
though they are temporally consecutive. An undirected translu-
cent edge is an implicit connection. In computer-generated vi-
sualization, 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 3, 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.

5. System Architecture

The commonly used enterprise search engines (e.g., Lucene,
Solr, Elastic-Search, Xapian and so on) do not provide search
space information to visualize the search results along with the
search space to identify the false negatives and false positives
[69]. Such general purpose search engines do not provide the
search provenance information to study the visualization facili-
ties proposed in this paper. As part of the feasibility study, we
designed and prototyped an enterprise search engine, enabling
the experimentation with visualization facilities, which could
not be done with a blackbox search system. The detailed dis-
cussion about this research search engine is beyond the scope of
this paper. Because the visualization capabilities are closely in-
tegrated with several components of the system, we hereby give
a brief overview of the system architecture as shown in Figure
4.

The Vis-assisted Search Interface a Search Query Form,
a Tabular View, a treemap-based Focus+Context View, and a
newly-added Provenance View. User enters the search criteria
in the Search Query Form. The search criteria is composed of
one or a few keywords and/or some constraints of file attributes,
such as type, size and date. The search results are first displayed
in a traditional Tabular View. A treemap-based Focus+Context
visualization visualizes the Search Space (stored in Index) and
search results that supports quick Visual Search and identifica-
tion of False Negatives which was already reported in [69]. A
newly added Provenance Visualization facility, the main focus
of the paper, supports identification of False Positives, Collab-

oration, and Query Formulation/Reformulation.
The system consists of a collection of functional modules,

which reside between the search interface and the distributed
file system.
Query Processor parses the query entered at the Search In-
terface. A set of extended search criteria, e.g., closely-related
words, similar file types, etc. is then derived using the Ontology
module to widen the search space. Thereafter, it searches in the
Index with the expanded criteria. This also activate the Crawler
to find files that meet the criteria but are not in the Index. Fi-
nally, it ranks the retrieved files before returning the results to
the Search Interface.
Crawler Agents scan through the file system autonomously at
a predefined scheduled interval and fetch file information and
search space information. It also discover files missed by the
Index, and place in the “late discoveries” folder to be accessed
by the Provenance Visualization facility and update the Index,
and the SPG Database.
Index collect files and folders potentially related to future
search queries (similar to anticipatory fetch). This supports the
Query Processor to discover most search results, in real-time.
An indexer collects, scans, and parses the meta-data of the files
fetched by the Crawler. The entire Search Space is also cached
to visualize the context using a treemap in Focus+Context visu-
alization.
SPG Database stores the information required by the SPG:
queries performed by the users, the search results received, and
the relevant results selected by the user. It provides provenance
data to the Provenance Visualization facility.
Ontologies provide the enterprise search engine with a
knowledge-base. The search engine supports multiple field-
based ranking and are usually improved automatically through
ontology learning.

A Term Ontology stores basic terms in English (including ab-
breviations) and the weighted relationships between them. It is
modeled based on the WordNet [74], 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 neces-
sarily related to each other in exactly the same way as in spo-
ken 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” and “construc-
tion” represent the former, while “work” and “plan” represent
the latter.

A Type Ontology stores relationships between file types and
categories of terms in English. A Size Ontology stores relation-
ships between file sizes and categories of terms in English. A
Date-time Ontology stores relationships between file ages and
categories of terms in English.

Nevertheless, the system is deigned to integrate more ontolo-
gies if needed, e.g., domain ontology for domain specific se-
mantic support, personalized ontology for personalized infor-
mation retrieval and so on. At the beginning the weights in
the ontologies were set to 0.5. Thereafter, these ontologies has
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Figure 4: The architecture of a special-purpose enterprise search engine, where the provenance visualization facility is activated by the search interface, and retrieval
of historical query information from the SPG Database. The SPG and Provenance View are the main focus of this paper. The Focus+Context View was proposed in
[69].

gone through series of training in laboratory conditions. We im-
plemented active learning mechanism for the ontologies to ac-
commodate the dynamics in a real world environment captured
from user relevance feedback information. The Ontologies can
also be manually tuned by Ontology Manager.

The main visual and interactive features of the interface were
implemented using AngularJS and the D3.js library [75]. The
search engine modules were implemented in C++.

6. 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 simi-
larity, Jaccard’s index, character-level 3-grams and Levenshtein
distance) have been used to compute query similarity (e.g.,
[32, 76, 77, 78]). Fast Algorithms for mining association rules
as query similarity is reported in [79]. Among these, the TF-
IDF and cosine similarity measure has been widely applied to
content matching scenarios. These simple similarity measures
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 measures.

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 computes the
score based on all the four fields of the query. In particular, the

keyword similarity is computed with the help of the knowledge
base of the enterprise search engine.

6.1. Keyword Similarity

For measuring the similarity between two strings, we in-
troduced a semantic similarity measurement supported by the
Term Ontology, which is part of the multi-ontologies described
in Section 5. We adapted the process of bipartite graph con-
struction and computing an optimal bipartite graph described in
[80, 81] and proposed an improved query similarity algorithm
based on semantics. The modification is necessary in order to
compare words that semantically related as defined in the Term
Ontology. 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 connectivity 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 omitting the
intermediate related nodes and considering only the path length
between the nodes representing the original query terms, the
semantic network can be considered 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.
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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 semantic graph is used to compute
the similarity between the queries.

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

λ(si, d j) =

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 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, d j) using only the notion of synset in WordNet,
one would have ρ(l) = 1 if l = 1 and ρ(l) = 0 otherwise. To con-
sider 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 other-
wise. The recursion stops when λ(si, d j) 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 stan-
dard 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 simi-
larity value.

Given the bipartite representation ΦKopt ⊆ ΦK , the optimal
matching between two keyword or vertex sets can be computed
using a maximum allocation algorithm. An optimal maximum
allocation algorithm can yield an improved performance, how-
ever, 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)

6.2. 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 dif-
ferent 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 fields are populated (set) or are empty
(unset) and the Value Similarity function Ω measures the de-
gree 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

6.3. 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) + αΨ(tx, ty) Ω(tx, ty)+
βΨ(sx, sy) Ω(sx, sy) + γΨ(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.

7. Visualization of SPG

Although it is possible to use the basic visual representation
of search provenance graph as shown in Figure 3, users have
to use pop-up windows to retrieve information related previous
queries. Frequent interactions can be expensive and, particu-
larly, it is easy to forget what was just shown in the pop-up
windows activated. 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 brain-
storming meetings. At first we identified the most commonly-
used search query attributes (e.g., keyword/name, type, size,
date and search result attributes) to be visualized. We then iden-
tified summary features of search results that can help a user re-
fine the 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 iterations
and consultation with our industrial partner a suitable glyph de-
sign was chosen based on consideration of occlusion, clarity, vi-
sual separation, metaphoric abstraction for aiding learning and
remembering, and encoding costs in terms of scalability.
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Figure 5: Glyph design for search provenance graphs. (a) Six different design
options for characterizing a query, (b) the colors and icons used to highlight
different query fields, and (c) the glyph components to depict a file in search
results (FP: False Positive).

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

7.1. Glyphs for Search Queries

Six different design options for characterizing a query are
presented in Figure 5 (a). A search query is composed of mul-
tiple fields and each field is related to a file system attribute,
e.g., name or keyword, type, size, and date. During the query
reformulation a user can set, unset, or change the values of any
field. Hence the glyph design should ideally capture the tempo-
ral changes of the reformulated queries.

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 abstrac-
tion 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 color encoding
(e.g., kiwi color for keyword, scarlet color for size, turquoise
for type, and daisy for date). 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 5 (a). After consulting the
industrial partner, we decided to use small pictograms to indi-
cate such changes as they can also serve as a reminder about the
name of the criterion concerned. These pictograms are shown
in Figure 5 (b).

7.2. Glyphs for Search Results

A set of search results contains much complex information,
and designing a summary glyph has been a challenging un-
dertaking. 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 assessment of the effectiveness of a query, and
stimulate hypotheses about better query reformulation. Such
information includes (i) how many files are returned by the cur-
rent query concerned, (ii) how many are common with the pre-
vious 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 irrelevant file starts
to appear in consecutive searches the false positive value of this
file is incremented, see Figure 5 (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 5 (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).

7.3. 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.

7.3.1. SPG: Focus+Context View

Focus+Context view shows a subgraph of an SPG which
is associated with a project. How one administrator’s search
(focus) relate to other administrators search (context) who are
working collaboratively on a same project. Figure 6 shows an
example focus+context graph where the four users mentioned
earlier searched collaboratively for four working days.

Each search query is mapped to a node of the graph and
shown as a dot with different color 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 fo-
cus nodes, here Julie’s search queries. The context nodes, here
Charlotte, Andy, and Jane’s search queries are shown above as
well as below the central line. A link from a focus node to a cor-
responding context node is drawn such that if the context event
has occurred earlier 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 per-
formed by Charlotte. It can be easily seen that the user is an
inexperienced administrator and has performed many searches
some of them consecutively in a short time span. In the follow-
ing week, the search process was resumed by Julie and Andy
who are experienced administrators. In the final day of search,
Julie made few more searches, there after Jane joined and per-
formed few queries and final quality checks.

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 dis-
playing 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
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Figure 6: This example focus+context view of SPG displayed on Julie’s search provenance window. It illustrates how Julie (focus) collaborated with other
administrators (context). For example, Julie’s fourth query is formulated 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 7.

Figure 7: An example glyph-based visualization of the queries selected in Figure 6. 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 color of the ‘Late Discovery’ dialog is gray as there is currently no newly
discovered file.

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 appropriate size and position of each dot in the time scale
and shifts them vertically in order to maintain clarity while pre-
venting serious cluttering and occlusion. The main drawback
of this focus+context graph is that it does not show how the
administrators searches relate to each other. Therefore, we in-
troduced another visualization technique called Collaboration
Summary View.

7.3.2. SPG: Glyph-based View

Figure 7 shows the provenance visualization where glyphs
for search queries and search results are shown above and be-
neath the central line respectively. This example shows the
last nine queries performed by Julie, selected from the Fo-
cus+context graph view shown in Figure 6. The user formu-
lated 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, this work was reported in [69].

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.
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Figure 8: This example collaboration summary view of SPG illustrates the sim-
ilarity between the search queries performed by the administrators associated
with a project.

The user decided to add one more keyword, “material”, in
the query, and removed 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% com-
mon and 89% files disappeared. The user continued with two
further queries with reformulated search criteria. The reformu-
lated query narrowed down the retrieved result significantly.

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 reformu-
lated a new query and populated the search form. The user was
also given an option to review the query or modify it before sub-
mitting 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 re-
sulted 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.

7.3.3. 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 asso-
ciated with the project. The Collaboration Summary view al-
lows the visualization of their queries relate to each other, and
their explicit and implicit connections. The explicit connections
are shown in pale-blue color, and the implicit or system com-
puted similarities are mapped to translucent gray color. Figure
8 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 weight.

In order to scale the nodes in a given boundary, similar to the
focus+context graph, 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.

8. Evaluation

8.1. Requirement Analysis

At the beginning phase of the project, there were meetings
with members of the industrial partner, where the existing doc-
ument management system and the requirements of the docu-
ment 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 ex-
isting document management systems, the distributed file sys-
tem and several file repositories used by different groups across
the organization. We discussed about the requirements, the use
cases, and the technical challenges of the system. Based on the
knowledge gained, the special purpose enterprise search engine
to search for files stored across a large distributed system in the
organization was developed.

8.2. Organization

After implementing the glyph-based view, we visited the in-
dustrial 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 discriminating capacities of different visual channels,
(b) metaphoric mappings for aiding learning and remembering,
(c) encoding costs in terms of pixel resolution, (d) importance
and suitability of provenance visualization for identifying true
positives, false positives, and false negatives, and (e) the usabil-
ity of the system from the enterprise’s perspective.

We had another one-day visit to industry to evaluate the fo-
cus+context view and the collaboration summary view of SPG
to evaluate if such provenance visualization can assist admin-
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istrators to perform search tasks collaboratively and efficiently.
This second evaluation also prompted two domain experts to
carry out business cost-benefit analysis.

8.3. Procedure

We consulted with four domain experts and managers indi-
vidually as per their convenience. The evaluations were con-
ducted through demonstration of the system and through dis-
cussions about the above evaluation criteria. The meeting with
each of the experts began with a 15-minute introductory pre-
sentation followed 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, applica-
tion scenarios, and objectives of the meeting.

8.4. Discussion

During discussions, domain experts provided various feed-
backs and comments related to the above evaluation crite-
ria. The discussions were lively, and the domain experts were
highly enthusiastic in offering their opinions and suggestions.
In particular, domain experts asked questions about glyph de-
signs, visual encoding, the search interface and use case sce-
narios. The idea of visualizing search provenance has been ap-
preciated by all of them. The domain experts learned the visual
encoding very quickly, and offered informed suggestions about
various design aspects. These suggestions were 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 vari-
ous 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.

• 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 re-
sults and attributes was liked by the domain experts. How-
ever, they wanted to see the percentage as well as the num-
ber of files which are new, common, and deleted. The per-
centage 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 sug-
gested 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 combining 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 con-
nections and implicit or system computed connections in
SPG are extremely useful. Therefore, we have introduced
different color coding to aid better visual discrimination
capability.

The domain experts made a number of positive comments:

• The circular wedge-based design is preferred by all the do-
main experts over the alternative design options discussed.
They found the choice of pictograms and colors to high-
light 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.

• One domain expert expressed that training would be re-
quired 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 helpful to avoid repet-
itive 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 per-
formance review, assess work quality and train new users,
commented by the experts. As sometimes one adminis-
trator might have to step into a project to resume a search
from any point past, the focus+context view would allow
one to overview the situation quickly.

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

• One domain expert said: “This is a nice and simple rep-
resentation to show the high-level overview of the refor-
mulated queries and the relationship among the results.
Showing the search result size, and the selection within
and comparing with the previous search is nice.” Another
domain expert commented: “Showing the relationship in
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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 whether
they need to refine the results further, for example, if there
are few new files in a search result the user may reformu-
late 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 visual-
ization 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”.

During the business cost estimation, we broke the search pro-
cesses detailed action steps, including 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
central administrators with and without the aid of visualization,
packaging selected search results, and so on.

After seeing the demo of the prototype system, we re-
assessed the cost analysis as described in Section 3.2. The
experts in cost analysis became more confident about the cost
model. The estimation of the costs show that using an enter-
prise search engine, one could save nearly 90% of time in com-
parison with using a database as the document retrieval mecha-
nism. The bulk of savings would be from the effort for entering
records about files into a database, though searches would be
more accurate and quickly. However, when considering search
effort only, visualization assisted search is expected to save
some 30-50% of time in comparison to search without visu-
alization. Therefore for a large construction enterprise, such a
savings would not be trivial, particularly when it is translated
into a monetary term.

The industrial partners realizes the important role and poten-
tial benefits of the visualization-assisted search solution to han-
dle their large-scale data generated throughout different project
life cycles which has been highlighted in their recently pub-
lished magazine [82].

9. Conclusions

In this paper, we have presented a visualization-assisted
search solution to support enterprise search. We have devel-
oped a prototype system featuring both an enterprise search en-
gine 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 study

helped the enterprise to realize the important role of visualiza-
tion in search operations at an industrial scale. It provided the
basis for establishing a cost-effective working practice, and de-
veloping new software for supporting such routine but inten-
sive operations. From this work, we may draw a generalized
conclusion that visualization can be used to help users iden-
tify false positives and reason about false negatives in search
processes. Search provenance visualization provides an effec-
tive 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.

As a sponsored research project, this feasibility study was
not intended to deliver a piece of software to support the new
BIM requirements in 2016, we believe that many design con-
cepts produced in this work will be featured in future opera-
tional software. We are also in discussion with the sponsor
about disseminating the source code of the search engine and
visualization software.
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