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a b s t r a c t

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.

� 2016 Elsevier Ltd. All rights reserved.

1. Introduction

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 was introduced to
encourage real-world application of IR, where an enterprise devel-
ops an integrated data infrastructure, and enables 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 perspec-
tive of ‘‘the high cost of not finding information” [4]. This work
focuses on using visualization to reduce the cost in the process of
finding information.

It is estimated that the enterprise search industry is growing 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 technique (e.g., PageRank) is
not effective in enterprises search [3]. Although the relevance
feedback information can be used to learn and improve the rank
of the search results in the enterprise 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 enter-
prise search, discovering information searched and found by
experts and colleagues is often part of a search strategy [9,6]. Sys-
tematic 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 reported that
stakeholders (e.g., engineers, managers, administrators) spend
around 30% of time in file search [10–12]. 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 usu-
ally includes false positives, and (iii) the queries often miss some
target files (false negatives).

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

File search is an explorative process, during which a user pro-
gressively refines search criteria by observing and learning from
successes and errors in the earlier search results. Devising effec-
tive 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 per-
iod. 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, visual-
ization can provide an enabling tool for users to observe prove-
nance information at a glance [21], improving the cost-
effectiveness in collaborative search tasks, especially in an indus-
trial setting.

This work was conducted in the context of an industrial appli-
cation, where intensive file search is part of an industrial process
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 con-
struction company must pass on a collection of documents to the
client when a building is completed [22], enabling search and reuse
of the digital assets. As the total number of files related to a build-
ing project 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 sys-
tem becomes inevitable.

As part of a feasibility study led by a large construction enter-
prise, 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 visualization and
search engine without visualization. This paper presents the
visualization-assisted search system, and reports our experience
in delivering a technical solution for a challenging 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 feature
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 prove-
nance in individual projects and for enabling provenance
visualization.

� We have developed a combined glyph-graph visual rep-
resentations for visualizing SPGs in a focus + 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
ensure that the same measurement is used by the search
engine and provenance visualization. Because it is not feasi-
ble 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 engine

with visualization-assisted search capabilities for support-
ing collaborative search activities, query formulation
and reformulation, and identification of false positives
and false negatives.

� We have developed multiple ontologies as a knowledge
base for supporting the search activities as well as for
computing semantic similarity in constructing 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 assisted
the industrial partner in making a strategic plan for meet-
ing the new requirements to be implemented in 2016.
Our visualization-assisted approach compared favorably
with alternative approaches under investigation.

The rest of the paper is organized as follows. In Section 2 we
present an overview of the related literature. In Section 3 we
describe 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 enterprise
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.

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 visual-
ization, and glyph-based visualization.

2.1. Search-related visualization

Many research papers have been published by the visualization
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 visualize
search results using interactive geographic maps and tag clouds.
Applications of VisGets to a variety of Web data collections 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 layers. PivotPaths [30] allows users to
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