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Abstract—Databases often contain uncertain and imprecise references to real-world entities. Entity resolution, which is the process of
reconciling multiple references to underlying real-world entities, is an important data cleaning process required before accurate
visualization or analysis of the data is possible. In many cases, in addition to noisy data describing entities, there is data describing the
relationships among the entities. This relational data is important during the entity resolution process; it is useful both for the algorithms
that determine likely database references to be resolved and for visual analytic tools that support the entity resolution process. In this
paper, we introduce a novel user interface, D-Dupe, for interactive entity resolution in relational data. D-Dupe effectively combines
relational entity resolution algorithms with a novel network visualization that enables users to make use of an entity’s relational context
for making resolution decisions. We describe resolution strategies based on pairs or sets of references and show appropriate
visualizations for each. Since resolution decisions often are interdependent, D-Dupe facilitates understanding this complex process
through animations that highlight combined inferences and a history mechanism that allows users to inspect chains of resolution
decisions. An empirical study with 12 users confirmed the benefits of the relational context visualization on the performance of entity
resolution tasks in relational data in terms of time as well as users’ confidence and satisfaction.

Index Terms—Information visualization, visual analytics, data and knowledge visualization, data mining, graphical user interfaces,

user-centered design.

1 INTRODUCTION

DATABASES often contain uncertain and imprecise refer-
ences to real-world entities. The absence of unique
identifiers for the underlying entities frequently results in
databases that contain multiple references to the same
entity. This can lead not only to data redundancy and
inconsistency but also to inaccuracies in information
visualization, query processing, and knowledge extraction.
Entity resolution, which is the data cleaning process of
reconciling multiple references to underlying real-world
entities, is an active research topic within a number of fields
including information visualization, database management,
data mining, and machine learning.

In many cases, in addition to the attributes such as name,
address, and so on, which describe the entities themselves,
there are relationships among the entities, and these
relationships can be useful during the entity resolution
process. The relationships are often co-occurrence relation-
ships, for example, email addresses may co-occur in to: and
cc: lists, author names co-occur in the author lists of
scientific papers, and actors are related to each other in
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social networks. We refer to this type of entity resolution
problem as relational entity resolution, to highlight the
importance of using the relationships among the entities,
in addition to the available information about each entity’s
attributes. One of the research questions that we address is
how to visually present this relational information to users
during the entity resolution process.

Most existing entity resolution methods focus on auto-
mated entity resolution. Automated techniques are not
perfect, and they face a precision-recall trade-off. If they are
tuned to have a high precision, they rarely merge duplicates,
leaving many duplicates in the database. If they are tuned to
have a high recall, they mistakenly merge references that are
in fact distinct. By contrast, handcleaning methods, even with
visualization support, can be slow and inefficient in finding
duplicates. These approaches tend to be high precision,
because there is a human-in-the-loop making the final
resolution decision. However, inspecting a large data set
and hunting for duplicates can be like looking for the
proverbial needle in a haystack. Thus, while these approaches
may have high precision, they tend to have low recall.

In this paper, we present D-Dupe (http://www.cs.umd.
edu/lings/ddupe), a visual analytic tool, which supports
relational entity resolution. D-Dupe provides an interactive
analyst-centric approach to the problem, which tightly
integrates entity resolution algorithms with a visualization
suited to the task. D-Dupe provides access to sophisticated
entity resolution algorithms and enables users to flexibly
combine them to uncover duplicates. A variety of similarity
measures can be used and their results can be combined inan
extremely flexible manner. In addition, D-Dupe provides
users with asimple network visualization, which displays the
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relational context for potential duplicates. The relational
context viewer shows, for any two potential duplicates, their
relational neighborhood. The network visualization allows
users to quickly identify shared and nonshared relational
context and base their exploration and resolution decisions
on the context. Emerging principles from information
visualization, such as laying out the nodes on a meaningful
substrate, are combined with representations for uncertainty,
resulting in a tool that is especially well suited to the entity
resolution task. Powerful filtering and search techniques are
also integrated into the tool. One of the findings from our user
study is that users are faster and have more confidence in
their resolution decisions when they are able to see the
relational context.

One of the properties of relational entity resolution is that
resolution decisions are often chained together and depend
on each other. For example, once users determine that two
author references refer to the same underlying entity, that
then provides new evidence, which makes their coauthor
references have more in common, and hence, the coauthors
are more likely to also be coreferent. D-Dupe provides a
lookahead mechanism for viewing the potential dependen-
cies, before users commit to them, which helps users
understand the potential impact of their decisions. D-Dupe
also has a flexible history mechanism that allows users to see
the chains and undo earlier decisions if needed.

D-Dupe’s tight integration of relational entity resolution
and simple interactive interface provides a scalable ap-
proach to semiautomated data cleaning. References can be
resolved on a pairwise basis, for each instance of a
reference, or for all references matching user-specified
criteria. If users prefer more automation, all references with
a similarity above a given threshold can be automatically
merged in bulk.

Our initial work on a prototype system was described in
[27]. Since then, we have completely redesigned and
reimplemented the system, adding many additional fea-
tures, not all of which are described in this paper. This
paper describes the new version, D-Dupe v2.0. Some of the
most important new contributions include

1. support for both data deduplication and data
integration;

2. support for a variety of resolution strategies,
including pairwise, cluster-based, and bulk;

3. support for visualization of chains of resolutions;

4. history and lineage support.

In addition, an important contribution of this paper is a user
study, which examined the performance of 12 users in
terms of speed, success rates, and confidence both with and
without the graphical relational context viewer.

This paper is organized as follows: We begin with a
discussion of related work in Section 2. Section 3 provides a
brief overview of the design principles and overall D-Dupe
interface and describes the entity resolution process at a
high level. Section 4 describes the data model supported in
D-Dupe. Section 5 goes into detail about the design of the
tool, highlighting the powerful integration of machine
learning and visualization methods for entity resolution,
the novel pairwise task-specific visualization, which is
particularly well-suited to the entity resolution problem,
and the support for understanding the complex interactions
possible in relational entity resolution. Section 6 describes
the system architecture, and Section 7 provides a detailed
description of a quantitative user study of D-Dupe, which
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studies the impact of the D-Dupe interface on users’ speed,
success rates, and confidence on the relational entity
resolution task. Section 8 concludes with a discussion of
future directions.

2 RELATED WORK

2.1 Entity Resolution Approaches

The entity resolution problem has been studied in many
different areas under different names such as deduplica-
tion, record linkage, coreference resolution, reference
reconciliation, object consolidation, and others. Within the
machine learning community, most of this work has
focused on automatic methods rather than interactive
support. Much of the work has concentrated on entity
resolution based on attributes of the entity references.
Extensive research has been done on defining approximate
string similarity measures [1], [10], [26], [31] that may be
used for unsupervised entity resolution.

A number of recent approaches take relations into
account for entity resolution and data integration [5], [15],
[17], [29], [30], [41]. The relational methods have been
shown to increase performance significantly over the
attribute-based solutions for the same sets. However, they
pay a price in terms of computational complexity. The
similarity computations become more expensive, and in the
case where the dependence of the resolution decisions is
taken into account, iterative solutions that make multiple
passes over the data are required.

Unlike these fully automatic methods, D-Dupe allows
users to use a mix of strategies for resolving duplicates. Users
can define a variety of similarity measures that are based
solely on attribute values, and D-Dupe will visually show the
relational context for selected pairs; users can also define
more complex similarity measures that take into account the
overlapping neighbors when searching for potential dupli-
cates. Users have the choice of inspecting each potential
duplicate or automatically merging all duplicates with a
similarity score above a user-selected threshold.

2.2 Interactive Data Cleaning

Within the database community, there has been work on
interactive data cleaning [36], [38], and there is an
increasing number of commercial tools, which support
interactive data cleaning. The research and tools allow
users to define rules for correcting mistakes in data and
allow users to inspect and resolve mistakes in the data.
However none of these tools support resolving references,
which are linked via relationships. The tools use tabular
views, which show only the attribute values of the potential
duplicates, and there has been little research into appro-
priate visualizations.

Within the machine learning community, there has been
work on automatically learning similarity functions based on
user feedback [23], [32], [34]. This work assumes there is a
single similarity measure that will be accurate across all
instances. D-Dupe takes an alternate approach, which allows
users to use a variety of similarity metrics for ranking
potential duplicates and combine the results as appropriate.

2.3 Network Visualization

Visual analysis of networks is an integral component of the
field of social network analysis and is in many ways
fundamental to its very definition [22]. There are several
excellent surveys describing social network visualization
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Fig. 1. D-Dupe consists of three coordinated windows: the potential duplicate viewer on the left, the relational context viewer on the upper right
corner, and the data detail viewer on the lower right corner. The potential duplicate viewer shows the list of potential duplicate author pairs that were
identified based on the user-defined similarity metric. The relational context viewer visualizes the coauthorship relation between the potential
duplicate author pair selected in the potential duplicate viewer. The data detail viewer shows all the attribute values of the nodes (authors) and edges

(papers) displayed in the relational context viewer.

within the social sciences literature [21], [33] and the
information visualization literature [9], [18], [37]. In addi-
tion, several websites [2], [39] show a rich variety of
network visualization examples, and there are many useful
social network software packages that focus on interactive
visualization of the complete network [6], [19], [20], [23],
[28]. While we make use of network visualization in D-
Dupe, our work is quite distinct since we focus on
visualizing the relationships between pairs of references
rather than the complete network.

3 INTERFACE DESIGN PRINCIPLES

The challenge of entity resolution in large relational data
requires an interface that provides tight integration of
statistical data mining algorithms, meaningful presentation
of carefully selected subnetworks, and ready access to rich
details to confirm or refute user conjectures.

Our interface design provides simple access to sophis-
ticated entity resolution algorithms and enables users to
flexibly apply sequences of actions to identify duplicates
effectively. In addition, users are provided with a simple
network visualization, which displays the relational context
between potential duplicates and allows users to make
quick resolution decisions based on the context. The
subnetwork visualization is based on the information
visualization principle of laying out the entities on a
meaningful substrate [4], [12] and is well suited to entity
resolution tasks.

In this section, we introduce an interactive entity
resolution tool, D-Dupe, and illustrate how our design

principles are applied to the overall interface design by
demonstrating a simple entity resolution scenario (resolving
duplicate authors) using a real-world bibliographic data set.
The data set consists of a subset of ACM Digital Library,
which contains 4,073 papers from the ACM CHI conference
from 1982 to 2004 authored by 6,358 people.

Fig. 1 shows the overall D-Dupe interface, which is
composed of three coordinated windows: the potential
duplicate viewer, the relational context viewer, and the data
detail viewer. The potential duplicate viewer (on the left)
shows a list of potential duplicate author pairs that are
identified and ranked based on user-defined similarity
metrics. Users can select a potential duplicate author pair,
and then the relational context viewer (in the upper right
corner) shows the coauthor relationships between the
potential duplicate author pair. Fig. 1 shows a simple
semantic graph layout that represents the coauthorship
relationships of the two potential duplicate authors,
“George W. Fitzmaurice” and “George Fitzmaurice.”
Finally, the data detail viewer (in the lower right corner)
shows all the attribute values of nodes (authors) and edges
(papers) displayed in the relational context viewer.

Users begin the entity resolution process by loading one
or multiple data files depending on their task (deduplica-
tion or data integration). Before searching for potential
duplicates, users need to define a similarity metric, which
describes what information should be used to determine if
two records may match. For example, if users consider
authors likely to match when they have similar names and
affiliations, users can select the attributes such as author’s
name and affiliation for computing the author similarity.
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