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Abstract. The uptake and consumption of Linked Data is currently restricted almost entirely to the Semantic Web community.
While the utility of Linked Data to non-tech savvy web users is evident, the lack of technical knowledge and an understanding
of the intricacies of the semantic technology stack limit such users in their ability to interpret and make use of the Web of Data.
A key solution in overcoming this hurdle is to visualise Linked Data in a coherent and legible manner, allowing non-domain
and non-technical audiences to obtain a good understanding of its structure, and therefore implicitly compose queries, identify
links between resources and intuitively discover new pieces of information. In this paper we describe key requirements which
the visualisation of Linked Data must ful | in order to lower the technical barrier and make the Web of Data accessible for all.
We provide an extensive survey of current efforts in the Semantic Web community with respect to our requirements, and identify
the potential for visual support to lead to more effective, intuitive interaction of the end user with Linked Data. We conclude
with the conclusions drawn from our survey and analysis, and present proposals for advancing current Linked Data visualisation
efforts.
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1. Introduction through a diverse and semantically rich information
network.

The Web of Linked Data provides a large, dis-  Such is the popularity of the Web of Linked Data,
tributed and interlinked network of information frag- ~ that it has now grown to a staggering size, with 38.5
ments contained within disparate datasets and pro- billion triples now residing in the central connected
vided by unique data publishers. The interest in this cloudt. Making sense of such data presents a huge
Web of Data has led to data racewhere organisa- ~ challenge to the research community, a challenge
tions — both commercial and not — have begun publish- Which is compounded further by the drive to produce
ing their data in a format which is machine-readable data from both government and public bodies for end-
— in RDF (Resource Description Framework [47]) — user consumption [15,27,30,49,53,67]. It is evident
and linking this data to other external data. The util- thatthe ubiquity of mobile devices and the reduction in
ity of such linkage has enabled, for the rsttime, com- cost to produce sensors will escalate these challenges
plex queries to be answered and traversals to be madefurther, as more and more data is published through a
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variety of means, e.g., information about events, foot
fall in buildings and city centres.

The size and scale of the Web of Data presents chal-
lenges when trying to make sense of the information
contained within it. A basic visualisation of the Web
of Data, focusing on a resource which has a high out-
degree of relationships to other data, will present the
viewer with a mass of edges linking into the resource,
resulting in information overload. How does an end
usermake sensef the response? How do they under-
stand and interpret the data in a meaningful way?

The third principle of Linked Data states thavhen
someone looks up a URI, provide useful information,
using the standardg11]; therefore when a URI (Uni-
form Resource Identi er) is dereferenced, a response
is returned according to the requester's parameters.
These parameters can request an XHTML (the eXten-
sible HyperText Markup Language [55]) representa-
tion of the resource — in which case the information
can be displayed in a Web browser, while embedding
machine-readable information in RDFa [1] — or raw
RDF according to a given serialisation format (e.qg.,
XML (Extensible Markup Language [17]), Notation3
(n3) [12], Turtle [8]). In the latter case knowledge of
how to use this format and interpret the information
provided using it is restricted to tech-savvy end users,
and in certain cases, only those who have knowledge of
Semantic Web (SW) technologies. Itis clear that regu-
lar (readable) Web users, so callag userswho have
no knowledge of RDF, nor ontologies, are inhibited in
their ability to understand data returned when looking
up a URI [24,29,62, among others (a.0.)].

Automatic production of Linked Data (LD) and its
interweaving into the Web of Data is regularly done
at a large scale. One of the central issues with large-

becomeusablealso bylay users by providing inter-
faces and browsers of the Web of Data to support
sense making and information exploration and dis-
covery. Furthermore, query composition in languages
such as SPARQL [60], although useful, requires un-
derstanding of a given query language's syntax and at
least a basic knowledge of data content and structure.
End users should be able to implicitly compose such
gueries without being aware of the underlying query
mechanism that is used to pose the required questions.

In this paper we present a survey of existing ap-
proaches in current use for visualising Linked Data. To
enable a consistent analysis of each approach we iden-
tify challenges to visualising Linked Data and the re-
guirements which visualisation approaches must ful-
I. By analysing such approaches, our survey pro-
vides, for the rst time, a comprehensive discussion of
Linked Data browsers, where they succeed and the in-
herent limitations of such tools.

We have structured this paper as follows: section 2
describes the background and context in which this
survey is set. It describes the current state of the Web of
Data and the end users which we expect to utilise this
information network. Section 3 de nes the require-
ments which approaches to visualising Linked Data
must ful I. Section 4 describes current approaches to
browsing and visualising Linked Data, where each ap-
proach is analysed based on the requirements laid out
in section 3. Section 5 discusses the ndings from our
survey, what functions were common across current
Linked Data browsing approaches, and what limita-
tions were also consistent. Section 6 presents the con-
clusions we draw from this survey.

scale LD production is the accuracy and completeness 2. Background

of links with other datasets. Identifying such links us-
ing the solitary RDF format of a dataset limits the
reader's ability to identify any errors and incorrect
links. The LD community recognise that a complete
solution to this challenge may not be possible; how-
ever, visualisation of Linked Data may help to resolve
this, as it enables the identi cation of such errors more
easily, using, for instance, a graph visualisation. This
will show, clearly, links between resources where those
links should not exist, and allow the viewer to identify
instances where linkshouldexist but are missing.

Clear and coherent visualisation of Linked Data
would enable accessibility to the Web of Data and en-
courage its use outside the SW community. To en-
able such uptake therefore requires Linked Data to

2.1. A basic scenario: the LOD Cloud

The scale of the Web of Data and the sheer mass
of information now available hinder the ability of end
users to make sense of the data. To illustrate the chal-
lenge involved, let us stop for a moment and take a
high-level look at the Linking Open Data (LOD) cloud,
and the popular diagram used to visualise it [22],
generated from metadata extracted from the Compre-
hensive Knowledge Archive NetwotKCKAN). The
September 2010 version, shown in Fig. 1, contains 203
datasets, with 25 billion RDF triples and 395 million

“http://ickan.net
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links. Fig. 1b overlays colour coding on the base graph
in Fig. 1a. Both graphs use relative node size and edge
thickness to represent the number of triples in each

dataset and the links to other connected datasets re-

spectively. The graph is centred on thBpedia [16]
knowledge base created by extracting structured infor-
mation from the online encyclopaedia Wikipetiias
part of the LOD effort.

An alternative visualisation of the CKAN dataset by
Ed Summerkis shown in Fig. 2, using thBrotovi$
API (Application Programming Interface). Colour is
used here to encode CKAN rating. To reduce occlusion
only those nodes corresponding to more than 5 million
triples are labelled (hovering over a node reveals hid-
den labels). The visualisation shows a central cluster,
surrounded by six main clusters of varying size. Five
outliers can be seen at the edges of the plot — these
represent nodes for which links to others in the cen-
tral cluster are not found, information about the data
structure hidden by the very dense cloud in Fig. 1.

Ny

Fig. 2. The LOD cloud visualised usinBrotovis (Credit — Ed
Summers, update Oct 2010)

Rinke Hoekstra generates an alternative view on
the LOD cloud (see Fig. 3) using th@ephi Open
Graph Viz Platforn5]. Colour and relative node size

ture; two smaller clusters are drawn at a signi cant
physical (and semantic) distance from the centre.

2.2. Challenges to consuming Linked Data

(Node-link) graph representations such as those il-
lustrated in section 2.1 are a technique often employed
for visualising inherently hierarchical and inter-Linked
Data. The density of the underlying data is obvious,
even with clustering of related data nodes. These high-
level examples highlight one of the challenges in vi-
sualising Linked Data, as ever increasing amounts of
complex data are added to the Web of Data.

Additional challenges exist: links on the Web of
Data are often constructed using an automated ap-
proach. Due to their huge size false links are often
created which are hard to identify — this is re ected
in Hogan et al. [39] who found that applying basic
reasoning over null valued, inverse functional prop-
erties for people in a dataset containing 54,836 valid
RDF documents and 12,534,481 statements would in-
fer 972,000 falsewl:sameAs links. Manual brows-
ing seldom reveals such links as they are buried away
in the data. Effective, meaningful visualisation of the
graph structure is necessary if these and other errors
and noise in Linked Data are to be revealed [52]. The
outliers in Fig. 2, for instance, highlight the existence
of “broken links” in the LOD cloud - these may be due
to missing or incorrect information in the underlying
data set. Alternatively they may be legitimate islands
or anomalies. ldentifying such structures through man-
ual browsing of the text is very dif cult at best.

Because LOD is by de nition a community effort,
data heterogeneity, beyond differences in data type and
content, presents yet another challenge. While encod-
ing the actual data in RDF imposes a degree of uni-
formity, this does not necessarily translate to homo-
geneity in the quality of data capture. Fidelity and re-
liability of data cannot always be guaranteed or ver-
i ed, especially where data provenance is not clearly
speci ed. Differences in data type, content and gran-

are used to encode data attributes, as is done in Figs. 1pularity require a degree of translation in order to link

and 2). This visualisation also displays a central clus-
ter, again with DBpedia as the focus. Link length is
also used to encode information about the data struc-

Shttp://wiki.dbpedia.org
“http://www.wikipedia.org
Shttp://inkdroid.org/lod-graph
See alsohttp://inkdroid.org/journal
Bhttp://vis.stanford.edu/protovis

distinct data sets correctly. A signi cant challenge is
where data representing the same or similar concepts
is encoded using different languages or terminologies
[4,21,53,67,75]. SW technology provides a simple so-
lution to this, if standard ontologies are used to trans-
late and encode data, e.g., encoding e-mail addresses

7LOD cloud analysed wittGephi http://twitpic.com/
17qj1lh
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(a) (b)

Fig. 1. The LOD cloud diagram [22]; the graph on the right uses colour coding to distinguish different themes in the dataset.

Fig. 3. Visual analysis of the LOD cloud using Gephi (Credit — Rinke Hoeksprasted Mar 2010)

usingfoaf:mbox & rather than a custom label. Where  Finder'? and Musicpage$® [49], the Guardian news-
new concepts must be de ned, extending existing stan- paper'sWorld Government data stoft and Link TV's
dards will generate a link to previously validated infor-  ViewChange.ortf) are using LOD as a means for mak-
mation, increasing the ability to reuse data. ing distributed information publicly available [29,30,
53, a.0.]. A signicant challenge is found here: the
(formalised) encoding of LD limits its use to those who
can read and interpret RDF in the raw — a format cre-
ated for machine consumption [29,33,52,57,62]. Ques-
tions posed by mainstream users would include “What
is RDF?”, “What is it about?”, “What can | do with
it?”

Different types of users will have different, albeit
overlapping, requirements for the consumption of LD.

2.2.1. De ning end users

The overall aims of Linked Data require it to be
usable by both tech-savvy and mainstream end users.
A number of European Union governments (e.g., the
United Kingdom (UK) —data.gov.uR, Open Govern-
ment Data Austri#’), the United States (US) govern-
ment —Data.gov?, public bodies and the media (e.g.,
the British Broadcasting Corporation's (BB®jildlife

8FOAF — Friend of a Friend — Ontologyhttp://www.

foaf-project.org ; Lhttp:/iwww.bbc.co.uk/wildlifefinder

foaf:mbox represents a personal Intermesilbox Bhttp://ww.bbc.co.uk/music/beta
Shttp://data.gov.uk Lhttp://www.guardian.co.uk/
1Ohttp://gov.opendata.at world-government-data

Uhttp:/ivww.data.gov L5http:/iwww.viewchange.org
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Variety in skills, experience and environment mean making. For the purposes of this survey we will con-
end users will also face different challenges in the use sider non-SW domain experts to be lay-users of Linked
of the tools available for interacting with LD. We must  Data.

therefore identify the main target user groups expected The sheer volume of data created on a daily basis
to make use of this data, and what support is avail- due to advances in technology [15,37,38,44,45,71,75]
able to help them consume LD effectively. Shneider- means that even tech-users are severely limited in their
man et al. [70] discuss differences in users, their skills ability to obtain a good understanding of the structure
and requirements and the tasks they carry out, and and knowledge content of these very large datasets.
the in uence this has on (perceived) usability of tools, Another challenge is identifying suitable methods for
and consequently, their adoption. Typically, broad cat- presenting this data to all potential end users — both
egorisation of users breaks them down into novice, tech- and lay-users — so that they are able to obtain a
casual or intermittent users and experts [68,70]. Be- good overview of its content and retrieve the knowl-
cause no one design can pretend to meet the require-edge contained with its context of use, knowledge

ments of all user types a notion of “universal usability”
[70] is adopted for tools that are expected to cater to
a wide range of users; with default functionality pro-
vided to support the lowest level of expertise, but al-
lowing some level of end user customisation of tool in-

which is necessary for con dent, effective decision-
making [44,58,73]. Equally important is support for
intuitive navigation through the data, in order to exploit
what is touted to be one of the most valuable assets of
LOD - the links between diverse, heterogeneous, dis-

terfaces to better suit more advanced use. In this paper tributed data — to discover new, valuable and relevant

we de ne broadly, two main types of users, which the

visualisation of Linked Data must function for:

Lay-users(mainstream) users who do not necessar-
ily understand the intricacies of RDF and other
SW technologies. Such users are computer liter-
ate and are able to nd information through online
resources such as Wikipedia or search engines.
Lay-users will span the categories of novice to ca-
sual users, and while they may have an interest in
the data they explore, only a fraction will have in-
depth domain knowledge. Examples of informa-
tion seeking tasks of lay-users include studying
nationwide house price indices prior to buying a
new home and comparing albums while buying
chart music.

Tech-usersexpert users who understand SW and other
advanced technologies, have experience in using
RDF as a data format, and are able to interpret an
ontological model.

A third (sub-)category of users which we must bear
in mind is thedomain expertSuch users may not nec-
essarily have (expert) knowledge of SW technologies,
but are likely to make use of sophisticated, domain-
speci ¢ analysis tools to manage and interact with
often very large amounts of complex, heterogeneous
data. They are therefore likely to have a very good
understanding of data structure and content in their
domain, and bring this knowledge to guide both ex-
ploratory knowledge discovery and directed informa-
tion retrieval (IR) [24,44,58,70], to enhance their abil-
ity to obtain the insight brought to bear in decision-

information by extending existing knowledge to other
related data [33].

Berners-Lee et al. [9], Karger and schraefel [43] fur-
ther posit that SW data, of which LOD is a subset, en-
ables information discovery from the user's perspec-
tive, when presented in a format suitable for the user
and their task, whether this is text or visualisation-
based. For example, while a software developer may
need raw data in RDF or JSGN(JavaScript Object
Notation) to feed into applications that analyse se-
lected attributes of a data set, a formatted table is more
useful to a policy analyst, and a visual representation
to the lay-user browsing the results of the analysis of
public health data in their community. Section 2.2.2
presents two scenarios that look, from the perspec-
tive of public data consumption, at how Linked Data
presents advantages over traditional methods for col-
lecting, encoding and sharing data. Such cases help
to justify the effort required to develop more effective
means for consuming Linked Data. However, we must
rst look at the merits the Web of Data provides over
other existing large-scale data sets.

2.2.2. Why Linked Data? A public data consumption
perspective
The Linked Data community introduce their aims
by stating:

“ Linked Data is about using the Web to connect
related data that wasn't previously linked, or us-

16JavaScript Object Notatiomttp://www.json.org
1http://linkeddata.org
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ing the Web to lower the barriers to linking data
currently linked using other methods.

Data.govis an example of a repository that pro-
vides access to heterogeneous data distributed over
several areas of interest, with an aim to “empower” the
US population. Data.gov currently contains more than
6.4 billion RDF triples, as part of the process of con-
verting existing public data from traditional formats
such as CSV (comma separated values) to a SW rep-
resentatioff. We illustrate the value of Linked Data
to both tech- and lay-users with a subset of Data.gov
that reports community health indicators visualised by
county and state in the U% by linking to cartographic
data collected by the US Census Bur®ak demon-
stration of a set of simple methods for consuming
Linked Data can be seen in a website created by Joe
Meyer!. This site provides a good example of the dif-
ferences in requirements of different types of end users
in the consumption of Linked Data. To allow develop-
ers to extract the underlying data for use in other web-
based applications, for example, a JSON front end is
provided. We use this to extract a sub-set of the data
(see Fig. 4) with the properties:

county,

percent age 19 to 64,

life expectancy,

percent smokers,

percent high blood pressure,
percent obese,

percent no exercise,
@state='"New York'

Two visualisation optionsscatter plotgFig. 5) and
blot maps(Fig. 6), are provided for browsing the data,
in addition to (a text representation in) a sortable table
(Fig. 7).

Each representation is suitable for different tasks
and different end users. Linking the health data to the
cartographic data set allows visualisation on a map
(Fig. 6), highlighting data distribution from the per-
spective of geographical location. This application dis-

18See Data.gov - Semantic Wehttp://www.data.gov/
semantic/index

19See: United States Department of Health and Human Services:
http://www.hhs.gov ;
Community Health Status Indicators Repottttp://www.
communityhealth.hhs.gov/homepage.aspx

20see: Descriptions and Metadata — U.S. Census Bureau: (Car-
tographic Boundary Fileshttp://www.census.gov/geo/
wwwi/cob/metadata.html

21http://health.jameyer.com/health.py/home

to Visualising Linked Data: A Survey

Fig. 6. Blot maps used to visualise data distribution, by county, of
age and ve health indicators (see Fig. 4) for New York state.

Fig. 7. Sorted by reverse life expectancy, the data set for selected
health indicators in Fig. 4 is displayed in a table.

plays only one additional attribute per map — compari-
son against county. The use of colour, saturation and/or
patterns, and height in 2.*D (dimensions) stacked lay-
outs, are options available for overlaying multiple at-
tributes on a single map.
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json_callback(

"pyql" : “"county,percent age 19 to 64life expectancy,percent smokers,percent high blood pressure,percent

obese,percent no exercise@state='"New York",

"headers™: [county’, 'percent age 19 to 64', 'life expectancy', 'percent smokers', ‘percent high blood

pressure', 'percent obese', 'percent no exercise'],
"results” : [

["Erie","Cortland","Columbia”,"Dutchess","Delaware","Chenango”,"Chautauqua”,"Cayuga","Oswego","Putnam",
"Allegany","Bronx","Broome","Cattaraugus”,"Albany","Steuben","Sullivan","Tioga","Westchester", ...
.. "Livingston","Warren","Ulster","Wayne","Greene","Essex","Franklin","Washington","Fulton","Genesee"],

[60.400,60.4,62.800,62.8,61.300,61.3,62.900,62.9,58.900,58.9,61.200,61.2,60.100,60.1, ...
[76.900,76.9,77.100,77.1,77.400,77.4,78.000,78.0,77.900,77.9,77.000,77.0,77.700,77.7, ...
[22.700,22.7,27.800,27.8,20.800,20.8,21.700,21.7,23.800,23.8,19.300,19.3,24.300,24.3, ...
[26.300,26.3,null,null,26.000,26.0,null,null,30.400,30.4,null,20.300,20.3,16.800,16.8, ...

[23.900,23.9,17.300,17.3,25.000,25.0,20.800,20.8,26.600,26.6,34.000,34.0,25.800,25.8, ...
[23.900,23.9,22.100,22.1,27.800,27.8,23.600,23.6,33.500,33.5,22.500,22.5,25.800,25.8, ...

,60.6],
77.8],
24.2],
21.3],

17.3],
26.7]

Fig. 4. An extract of a dataset from Data.gov to JSON,

Fig. 5. The scatter plot view allows any two data attributes to be compared directly. One plot for each of the other ve health indicators is

compared against life expectancy for the data set in Fig. 4.

The scatter plot view allows focus on two attributes
at a time. While this is useful for directly comparing
two related properties it is dif cult to compare multiple
attributes simultaneously. We align the plots to allow
the ve indicators to be compared on life expectancy
(see Fig. 5), to obtain a result similar to traall multi-
plestechnique described in [37,72]. An interactive vi-
sualisation technique that supports multi-attribute vi-
sual analysis iparallel co-ordinate§41] such as illus-
trated in [42], which are sometimes seen as an exten-
sion of a multi-attribute scatter plot. Jern et al. [42], as
is done here, use multiple linked views, allowing the
end user to visualise the same data from multiple per-
spectives, highlighting different aspects of the data and
allowing a more complete overview and understanding
of its content.

The table (Fig. 7) provides a quick way to inspect
the underlying data. Options for sorting allow sim-
ple statistical calculations such as minimum, maxi-
mum and median values to be estimated. For the lay-
user who wishes to obtain an overview of the health
statistics in their community this is a simple method
for obtaining hard facts for selected regions of inter-
est (ROIs), in addition to the more general picture en-
abled by the visual representations of the overall data

to examine selected health indicators in New York state

set. Importing the table into a spreadsheet or statistical
package for more detailed analysis is easily done.

While this is a very simple set of visual and text-
based representations of a speci c data set, the poten-
tial to extend these to more powerful analysis can be
seen. The common representation for Linked Data, us-
ing a method that supports the capture also of metadata
describing the data itself (as for the US Census Bureau
data in the example in Fig. 4) provides not just rich
data, but simpli es reuse in ways not easily achieved
for data encoded in traditional formats.

For our second use case we focus on the UK gov-
ernment's data initiative imlata.gov.ukthe Research
Funding Exploref? (RFE) provides a currently de-
ployed application. RDF was generated by TPlis
working with the UK government's Department of
Business Innovation and Skiffsand other research
and policy bodies in the UK. Iconomiclcontributed

22Research Funding Explorer:http://bis.clients.
talis.com

23nttp:/iwww.talis.com

2Anttp:/iwww.bis.gov.uk
2Shttp:/iwww.iconomical.com/
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to the project experience in exploring the links across
different datasets, in order to identify suitable methods
for visualising the Linked Data and unearthing the in-
formation contained. The aim of the project is to map
the “UK's Research & Intellectual Property”, to link
together and make available from a single point, infor-
mation about research institutions and projects, their
output and funding, and companies in industry with
which the research centres collaborate.

The pilot contains data on 4 research areas of excel-
lence, displayed in the RFE using three co-ordinated
views: a map that displays “investment intensity”
across the different geographical regions of the UK; a
bar chart that compares cumulative investment against
patents published in each research area; and a stacke
timeline chart showing cumulative investment. Fig. 8
shows the cumulative investment as at 2011, with a fo-
cus on regenerative medicine. The map view lters out
the other domains, allowing the user to focus on the
ROI. Colour coding is used to distinguish each eld;
this takes advantage of human perceptual ability to
link information about each subject across the differ-
ent views, each of WhIC_h highlights a speci ¢ attribute Fig. 9. Zooming into the map switches to the detail for project ac-
of the data. Therefore, in the bar chart, where the other tivity in regenerative medicine (refer Fig. 8). We examine the region
research areas are greyed out, the user automaticallyof highest investment intensity — the London area. Comparing 2009
makes the connection to the focus ROI, based on the (left) to 2011 (right), a drop can be seen in institutions carrying out

Fig. 8. The Research Funding Explorer, illustrating the use of multi-
(i)le, co-ordinated views to visualise Linked Datalata.gov.uk

bar that matches the colour coding in the map. Rele-
vant contextual information (about the other research
areas) is however still available in the chart, at the pe-
riphery of the user's focus.

Fig. 8 shows a wide distribution of funding across
England (for regenerative medicine), with three main
clusters of high investment. Switching to the bar chart
allows a more global view; signi cant investment is
seen in three of the elds, with the highest for the fo-
cus area. The last eld, RFID (Radio-Frequency lden-
ti cation), however, sees very little.

The stacked timeline chart shows the investment in
each domain from the year 2000, with a projection to
2018. Animation in the other two views is used to visu-
alise the changes in trends with time for all four areas,
or with a focus on a single domain. Fig. 9 shows, by
zooming into the map, project activity for regenerative
medicine during the peak of investment in 2009, and
the drop in the number of institutions (both research

and industry) by 2011, in the same geographical area.

Combining the physical zoom with a semantic zoom
reveals more information for the focus.

The visualisations are very useful for obtaining a
high level view of the Linked Data sets and the rela-

research in the focus technology, along with the drop in investment.

that investment does not correlate with the number of
patents published in all elds. A SPARQL endpoint al-
lows the datasets to be queried (by expert users), to ex-
tract detailed information that allows users to investi-
gate to a greater depth trends in funding, and which
topics and research areas have been successful in gain-
ing funds over different periods of time.

2.3. Summary

Numerous examples of Linked Data usage exist;
governmental organisations, public bodies and the me-
dia are among key institutions that have recognised the
advantages in converting legacy data stores to and pub-
lishing new information as LD, and making explicit the
links between the heterogeneous, albeit related infor-
mation. We have selected from these, three main use
cases, to re ect different aspects and users of LD con-
sumption outside the SW community.

The rst scenario uses simple methods to visualise
data published by the US government on health, linked
to census information published by another public

tionships between different areas, e.g., it can be seen body. The visual presentation methods make no as-
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sumption of technical expertise, with the main target tools targeted at the tech-user they are often no-frills,
the mainstream user, who we nd to have limited sup- node-link graphs that strictly follow the structure of
port for consuming Linked Data. The second case also the corresponding RDF graph. Such visual representa-
illustrates the use of alternative perspectives on LD, tions are often adequate for such users [43,56], whose
generated by governmental and public policy bodies focus is on inspecting the structure of a known domain
in the UK, that highlight links to scienti c research.  and/or dataset, to validate data that is manually or au-
The target here is also the mainstream, rather than the tomatically generated, checking for and correcting er-
technical user, but with a narrower focus — researchers rors introduced during its generation and/or conversion
and funding bodies. The third use case, described in [52], and/or to feed data into specialised applications
section 4, looks at how a large media organisation, the for further analysis [56]. Information retrieval and |-
BBC, is harnessing the bene ts of LD as a means for tering tasks, for such users, are typically carried out

storing and sharing news and other relevant informa-
tion that cover a wide range of uses, users and environ-
ments. As for the other two use cases, the default pre-

using formal query syntax, which also requires knowl-
edge of the underlying data structure.
Linked Data, encoded in RDF and most commonly

sentation supports the mainstream end user; and addi-ygymed as XML, albeit being self-describing, because

tionally, options are provided for technical experts to
query the LD repositories using formal syntax, to ex-
tract selected data sub-sets for further analysis and/or
to feed into other specialised applications.

These use cases, that present data in a meaningful

form, only touch the surface of what Linked Data is
available and how such information can be interpreted
by end users. Having presented cases that highlight
both the value of LD as a means of encoding and shar-
ing distributed data and the need to develop effective,
user- and task-oriented systems for consuming this
data, we must identify suitable techniques for achiev-
ing this aim. We work from these cases to ground our
discussion with respect to LD visualisation.

The LD initiative is still in its infancy (see the de-
sign document written in 2006 by Berners-Lee [11],
and also [15]); as we will demonstrate in the fol-
lowing sections of this survey, applications to date
for browsing Linked Data and inspecting its struc-
ture and content are therefore, not surprisingly, pre-
dominantly targeted at tech-users [52]. Considering
the requirements of such users the majority of these
are text-based, often simply displaying the raw RDF
data. Where available descriptive labels in the RDF
(e.g., fromrdfs:label or rdfs:comment ) may
be used to provide a more human-friendly representa-
tion of the underlying data. For tech-users such repre-
sentations are useful, and often preferred [9,43]. Being
domain experts, stripping away the additional layers
necessary for lay-users to interpret and consume effec-
tively the complex, interlinked data, conversely helps
tech-users to make optimal use of its content.

For especially large data sets, however, obtaining a
good mental model of the data places a large cogni-
tive burden on even technical users and domain ex-
perts [52,70,79]. Where visualisation is available in

of its bent toward machine interpretation, is hard for
humans to parse. As mentioned in the introduction
of this paper, RDF can be served to end users via
XHTML with RDFa and rendered in a more human-
readable form within a browser; however delivering
such a response is only possible if the hosting ser-
vice chooses to expose RDF in this format. The more
commonly found representations — RDF using XML
serialisation, the W3C recommendation [7] [see also
18,34,51], typically used to publish LD, and alterna-
tive encoding, e.g., n3, Turtle and JSON, that may also
be output from SPARQL queries — restrict consump-
tion by lay-users, whether simply browsing data to ob-
tain an overview, deeper exploration toward knowl-
edge discovery, delving into selected ROIs to retrieve
detail or carry out analysis toward a speci ¢ end goal,
or publishing new data. We use the RDF/XML format,
as the motivation for our review of current Linked Data
visualisation approaches and the requirement by which
we assess such work.

Making Linked Data more accessible, through the
use of intuitive representations that expose its knowl-
edge content, should promote mainstream uptake and
demonstrate large-scale utility. This should in turn en-
courage the generation of new data such that the links
to existing data are highlighted and maintained, result-
ing in an increasingly richer, more useful and usable
Web of Linked Data. Visualisation has the potential to
do so; a large body of work exists on the value it brings
to data exploration, analysis and the presentation of the
results of analysis and the structure of the raw data it-
self to different audiences [44,45], by providing a spa-
tial representation for abstract data that aids the recog-
nition of patterns and relationships within it. In sec-
tion 3 we examine the bene ts this brings to LD con-
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sumption, and the requirements that must be met by
tools that harness visualisation for this purpose.

3. Requirements for visualisation

Section 2.2.2 illustrates not atypical cases for the
consumption of Linked Data in the public domain. In
Meyer's application two distinct data sets are linked
together to reveal the distribution of data for health
indicators of interest to the end user, using simple
but informative views. The RFE links data in multiple
datasets, including research, government and industrial
funding and geographical data. User skills and prefer-
ence often in uence tool adoption and use; providing
multiple options and perspectives on data, as is done in
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[19,71]. Tufte [72,74] describes a number of visualisa-
tion techniques and applications in different domains
and their use for a wide variety of end purposes, cit-
ing well-known historical cases such as the space shut-
tle Challenger disaster in 1985 and the London cholera
epidemic in 1854 [see 73]. Heer et al. [37] provide a re-
cent survey of relatively new, interactive visualisation
approaches that aim to deal with large, complex data.
Pousman et al. [58] describe a more artistic approach
to visual analysis, modelled on artefacts encountered
in every day life, in order to better support novice and
casual users.

Some of the better known visualisation techniques
are simple bar and pie charts, histograms, line and scat-
ter plots, used to carry out simple statistical analysis
and to report trends and summaries. Node-link tree

both use cases, increases the usability of each applica-anq graph visualisations, in both 2D and 3D, are com-

tion, as different tasks can then be carried out with the
tools best suited to them. Further, this highlights differ-
ent aspects of the data, allowing the end user to com-
pare the output of each view. Methods for querying the

data in each case are provided, in order to update each

view based on the user's current focus. A drawback
here, however, is the need to know the data attributes
available to query on, dependent on prior knowledge
of data content or structure.

Such applications satisfy a sub-set of the require-
ments for the consumption of Linked Data. In addi-
tion to these often very speci c solutions there is the
need also for more generic browsers, that are able to
take as input Linked Data of any type and from any do-
main and support at least basic IR, ltering and anal-
ysis tasks. These may then be supplemented with spe-
cialised tools for more advanced analysis and knowl-
edge discovery.

3.1. 1 Picture 1K words: Bene tting from
visualisation

The power and value of visualisation is seen in its
ability to foster insight into and improve understanding
of data, therefore enabling intuitive, effective knowl-
edge discovery and analytical activity. This is achieved
by removing the cognitive load encountered in man-
aging the large amounts of complex, distributed, het-
erogeneous data common in today's technology and
information-rich society, and relying instead on ad-
vanced human perceptual ability [25,37,44,58,63,69,
71].

A number of visualisation techniques are used reg-
ularly by a wide swathe of users, for myriad purposes

monly employed to display hierarchically structured
data such as ontologies and networks. Other visualisa-
tion types include matrices; parallel co-ordinates [41];
timeline and topology plots; map and landscape views
that build on the metaphor of cartography; space- lling
visualisations such as tree maps, rose diagrams, icicle,
bubble and sunburst plots; iconography, including star
and glyph plots [see 19,37,74, a.0.]. Some techniques,
such as parallel co-ordinates, are very well suited to
high-dimensional data, while others such as pie charts
and scatter plots are most useful when examining only
a small number of dimensions simultaneously.

It should be noted that even novel visualisation ap-
plications often employ or build on some of the sim-
pler, well-known and used techniques in concert, as
showcased by tools and APIs such as ProfovBM's
Many Eye& andTablead’. Improvements in technol-
ogy have resulted in increased support for web-based
visualisation such as these three. While still limited,
compared to standalone tools, web audiences, both
lay- and tech-users, have encouraged the use of new,
easy to interpret, online visualisations. These include
text-based visualisations such &g clouds(includ-
ing variants such a#/ordle$76] andPhrase Netg7]),
an increasingly popular method for visualising trends
such as frequency. While these techniques con rm the
versatility of visualisation, usability evaluation of tag
clouds indicates that their ability to support effective
analysis is lower than assumed [32,77]. Phrase nets,
which employ some of the features used in node-link

28http://many-eyes.com
2Thttp:/iwww.tableausoftware.com
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graphs, however, are more effective at displaying the which we derive a list of requirements for the design
relationships between nodes (in this case, words or of effective LD visualisation. While these challenges
phrases), and therefore support more effective analysis may not cover the entire scope of the LD commu-
of the underlying text. nity, they represent issues we have identi ed as being
Which technique is selected to visualise a dataset is of importance in relation to lay-users especially, util-
in uenced by data structure and user experience and ising Linked Data available today. Successful design,
familiarity with selected tools [28,59,71], especially and consequently, evaluation of the usability and utility
for non-expert users; this however means that a less of especially novel visualisation tools present a num-
than optimal choice may be made. In the case of LD, ber of challenges [2,13,19,28,36,44,59,69,71,73,74].
inherent data structure means that graph visualisation \Wwhile we do not address these challenges in detail in
is often a rst choice [31,43]. While this may sufce  thjs paper we derive, from studies in Information Visu-
for tasks such as obtaining an overall understanding of jjisation, Visual Analytics and Human-Computer In-
data structure, it may not support more in-depth anal- teraction, as well as practical application of existing
ysis [2] that relies on other, less obvious perspectives gyidelines to the development of SW tools, such as re-
of the data being revealed. For example, data attributes ported in [24,26,30,33,39,54], a set of requirements for
such as time or physical location may be better dis- gesigning visualisation-based LD browsers, in order to
played using temporal and topological plots respec- |eaq to intuitive knowledge discovery and to support

tively, while co-relation in numerical data may bene t
from presentation using statistical charts and graphs.
Providing multiple, usable options for consuming LD
should encourage the exploration of alternative options
for visualisation and analysis, and lead to an increase
in ability to interact with and discover the knowledge
hidden within LD.

We discuss in detail in section 3.2 requirements for
LD consumption, and guidelines derived from relevant
work on visualisation and complex data analysis that
should lead to the design of usable, useful tools for
consuming Linked Data.

3.2. Design guidelines

Having made the case for the value of visual solu-
tions for consuming Linked Data, we examine next re-
quirements for the design of such tools, to overcome
the challenges identi ed for both expert and main-
stream use. Visualisation tools are most effective when
designed to suit particular tasks and users [2,9,62,71];
this explains the myriad tools available even within
the same application domain. However, a set of ba-
sic design features is common to the visualisation of
large amounts of complex data, and must be consid-
ered in tool design for both generic and more user-
and domain-speci c tools. In this case we can take ad-
vantage of the common format used to encode Linked
Data, reducing the additional hurdle encountered in de-
signing tools to manage different data formats; SW-
based applications only need to be able to read RDF
data as a starting point for development.

The challenges de ned for consuming LD in sec-
tion 2.2 of this paper provide the starting point from

LD consumption both by mainstream and tech savvy-
users.

We list rst high level requirements for advanced
user interfaces (Uls) for visualisation tools (highlight-
ing in bold key requirements where rst speci ed), as
de ned by thevisual-information-seeking mantria
Shneiderman [69]:

1. (a) the ability to generate awerview of the
underlying data;

(b) support forltering out less important data
in order to focus on selected ROIs;

(c) support for visualising thdetail in ROIs.

In addition to these Shneiderman [69] further de-
nes different tasks that information visualisation is
often used to support, and the requirements for each
of these. We include here those relevant to the data
and tasks involved in LD consumption, namely, sup-
port for:

2. (a) handling multi-dimensional data;

(b) hierarchical data (or tree structures) — Linked
Data is often generated as instances of
(rooted, hierarchically structured) ontolo-
gies;

(c) network data (graph structures) — high inter-
linking within Linked Data may result in a
graph rather than a tree; networks may not
de ne a root and may be acyclic;

(d) identifying/highlightingrelationshipswithin
data;

(e) data extraction (to a format that allows reuse
by third parties (users and/or applications)).
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More recent work con rms the requirements iden-
ti ed by Shneiderman [69], and further examines at-
tributes of design that impact visuptesentatiorand
analytics[2,19,24,44,45,59,74, a.0.], where Amar and
Stasko [2] de ne “representational primacy” as a fo-
cus on faithful representation of the underlying data
and its structure; as opposed to (the additional bene-
ts of) the use of different visual techniques in “an-
alytic primacy”, that overlay alternative perspectives
on the data, so as to highlight different aspects of the
data and guide analysis (see also [74]). To support end
users, LD visualisation must go beyond simply pro-
viding yet another representation of the data; it must
support the user's tasks and overall goals [19,45,74].
Amar and Stasko [2] de ne a set of “knowledge pre-
cepts” which they use to specify design guidelines for
tools that support not just a visual presentation of data
but also analytical activity that leads to an understand-
ing of its knowledge content, allowing effective infor-
mation seeking and knowledge generation, that result
in con dent decision-making.

Other research recognises that functionality is nec-
essary for intuitive, exploratory navigation and also
more direct guidance for especially non-domain ex-
perts. This is especially so where users have dif culty
identifying and/or articulating their information seek-
ing goals [25,28,59]. Pretorius and Wijk [59] note also
the challenges that arise especially in elds where the
use of visualisation, for both data presentation and to
enhance analysis, is still in its early stages (such as for
the LOD initiative); while end users and tool design-
ers and developers are still de ning their requirements
and exploring techniques that meet these. Keim et al.
[44], Thomas and Cook [71], Tufte [73] further stress
the danger in claiming a “best-practice” that matches
any and all situations; recommending instead the se-
lection of visual analysis options by mapping to users
and their tasks. Under such circumstances, tools that
employ a “white box” approach guide users in the se-
lection of appropriate actions during exploratory dis-
covery and analysis, and allow the reviewing of past

actions have a higher chance of successful use and

adoption.

Berners-Lee [11], in his design document for LD,
states the need for a standard, uniform method for
identifying and retrieving data, to provide metadata de-
scribing data and its content, and to return “useful in-
formation” to end users on request, in addition to links
to further, related data. Hogan et al. [39] review in de-
tail the challenges faced in the publication of LD, by
examining the design principles de ned in [11]. They
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examine issues that lead to errors in data and data en-
coding and missing information, among others. We list
next, based on the design guidelines for visual infor-
mation presentation and analysis, and the tasks that
tech-users typically carry out, high level requirements
for consuming Linked Data (indicating commonality
across sets of requirements with an asterisk):

3. (a) *intuitive navigation through Linked Data
structures;

(b) * dataexploration, to obtain an understand-
ing of its structure and content;

(c) * data exploration, to identify the links
within and across data sets;

(d) data exploration, to identify errors, noise
and other anomalies in content and syntax;

(e) * advanced querying using formal query
syntax, in order to obtain more direct but
also more exible, effective IR;

(f) * publication/syndication, and the atten-
dant requirements for error correctiorer-
i cation and validation of new data and
links to existing data;

(g) * data extraction for reuse in other applica-
tions (without the need for a change in for-
mat for SW applications — see point 2e).

Finally, general requirements for lay-users also re-
sult in more effective visualisation design for even
tech-users. Halb et al. [29,30], for instance, exam-
ine the requirements for generating both human- and
machine-readable LD, especially on a very large scale,
in order to provide more optimal support for especially
mainstream use. Heath and Motta [35] illustrate, with
a use case, design requirements for an application that
supports human-friendly publication of LD (especially
important for lay-users), without sacri cing the quality
of the semantic data generated, and ensuring correct
inter-linking to related data.

4. (@) * intuitive navigation through the large
amounts of complex, multi-dimensional data;

(b) exploratory knowledge discovery;

(c) * support for basic to advanced querying, to
support Itering and IR. This must accom-
modate both the end user who may have lit-
tle to no knowledge of formal query syntax
and more tech-savvy end users; bearing in
mind that the lay-user is unlikely to have ad-
vanced knowledge of underlying data con-
tent or structure (see point 3e);

(d) * detailed analysis of ROls;
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(e) * publication/syndication;

(f) * data extraction (to a format that allows
reuse by third parties — see point 3g);

(g) presentation of the results of analysis to
different audiences.

We will use these requirements to guide the survey
of existing applications for LD (in section 4), in or-
der to allow a clear, comparative and consistent anal-
ysis of the techniques currently in use for visualising
and exploring LD, and the advantages and limitations
of each. We will also use the requirements as a bench-
mark in the discussion of our ndings (see section 5)
that follows.

3.3. Data 'visualisation' vs. 'presentation’

It is necessary to distinguish between the differ-
ent methods of presentation of Linked Data gener-
ally lumped under the label of (datajsualisation
Text-based options are commonly used, including list

13

alisation. Infovis.org?, the original repository of the
IEEE Information Visualization conferencésde nes
“visualisatior as:

“ ...aprocess of transforming information into a vi-
sual form enabling the viewer to observe, browse,
make sense, and understand the information. It typ-
ically employs computers to process the informa-
tion and computer screens to view it using meth-
ods of interactive graphics, imaging, and visual de-
sign. It relies on the visual system to perceive and
process the informatioh.

This is in line with the de nition of Visualisé in the
online Oxford English Dictionarp:

“To form a mental vision, image, or picture of
(something not visible or present to the sight, or
of an abstraction); to make visible to the mind or
imagination”

This survey focuses on the use of interactive visual-
isation to enable intuitive knowledge discovery from

and tabular aggregation and presentation of data, suchLinked Data. As discussed in section 2.3 the eld

as found inSig.m&® [75] and Zitgist?® respectively.
Piggy BanR° [40] combines faceted browsing with
a textual presentation. Visual representations include

has to date focused on support for tech-users, whose
tasks are often best served by text-based representa-
tions [43,52, a.0.]. As a result these represent a dis-

pictorial, map and graph-based representations such proportionate percentage of existing LD browsers; we

as in DBpedia Mobile[6], which employsFresnel
lenseg57] via theMarbles Linked Data Enginelhe
OpenLink Data Explore¥ provides multiple options
for browsing Linked Data, including both text- and
visualisation-based presentations. The Parliament
checkef? plots information about serving Members of
Parliament (MPs) in a selected geographical region on
a timeline overview, and provides detail for each MP
using table and list views [53]. Additional information
on the geographical region of interest, e.g., crime and
mortality rates, is displayed using bar charts; the un-
derlying datasets are linked via their common property
— geographical location.

The aim of the survey is to review existing support
for visualisation of Linked Data, and identify work still
necessary to support effective, intuitive visual explo-
ration and analysis for the different end users of Linked
Data. In order to do so we must de ne the termisu-

will therefore also review some of the more well-
known text-based tools. This will allow us also to iden-
tify where visualisation-based approaches provide ad-
ditional bene ts for especially lay-users, and also tech-
users.

For the purposes of this survey we will refer to any
application that provides interactive support for nav-
igating through or exploring Linked Data as an LD
browser We will distinguish those that use a graphi-
cal, pictorial or image representation as k[Bualisa-
tionsor visual browsersfor static snapshots and inter-
active applications for exploring Linked Data respec-
tively. As a measure of usability we will look at the
ability of each representation to support the construc-
tion of a good cognitive model of the underlying data
and the relationships within the data, and support the
end user in carrying out their knowledge-intensive and
analytical tasks.

2Bhttp://sig.ma

29nttp://dataviewer.zitgist.com

3Ohttp://simile.mit.edu/wiki/Piggy_Bank

31http://lod.openlinksw.com/ode

32UK Parliament checker:
http://psiusecase.enakting.org

33http:/finfovis.org

34EEE InfoVis conferenceshttp://ieeexplore.ieee.
org/servlet/opac?punumber=1000370

SSvisualise in the online Oxford English Dictionary:
http://www.oed.com/view/Entry/224009?
redirectedFrom=visualise#eid
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4. Linked Data browsers

We present next a brief description of the design
approach followed and/or the functionality provided
by typically referenced LD browsers, as a base from
which to explore the support available for end users.
We group browsers into those that provide only text-
based functionality (subsection 4.1) and those that in-
clude visual analysis and/or presentation options (sub-
section 4.2). By comparing the browsers against the
requirements we list for the visualisation and analysis
of Linked Data (in section 3), we will also discuss any
limitations encountered.

The BBC provides another case study for the con-
sumption of distributed, heterogeneous Linked Data
[61] through theBBC Programme¥ persistent web
presence. The initiative aims to identify and link se-
mantically related information owned by the BBC, to
increase reusability and improve IR, both within the
corporation and by its audience and third party de-
velopers. The project also aims to link BBC's legacy
information to other related resources in the Web of
Data. The corporation aims, through this, to improve
usability of both its (readable) web pages and other re-
sources and applications that make use of the data.

The BBC's Semantic Music Projett which forms
a part of this initiative [49], has led to the develop-
ment ofBBC Music BetaAs a baseline from which to
compare the use of different LD browsers, we attempt
to resolve and retrieve information related to the URIs
that point to the output of the BBC's Semantic Mu-
sic project (note than when dereferenced the former is
redirected to the latter):

http://www.bbc.co.uk/music/beta
http://www.bbc.co.uk/music

For those browsers that do not support browsing RDF
data as unbounded sources (on the Web) or that are un-
able to fetch the resources pointed to by the test URIs
we attempt to load (remotely, or using a local copy) the
RDF at the URL (Uniform Resource Locator):

http://www.bbc.co.uk/music/artists/
a-z/by/a.rdf

If this fails we examine tool use based on the results of
the closest example provided by the application devel-
opers to the topic.

S8http://www.bbc.co.uk/programmes
37http://www.readwriteweb.com/archives/bbcs_
semantic_music_project.php

to Visualising Linked Data: A Survey
4.1. Text-based presentation

We present rst oft-cited LD browsers that use a
textual representation of SW resources and the rela-
tionships between them. This includes tools that use
presentation templates that resolve literals as part of
a more human-readable, text-based layout, to embed,
e.g., images in a FOAF pro le (see the layout of re-
sults in theURI Burnerin Fig. 13a). Other examples
of text-based layouts include lists and tables.

4.1.1. Dipper

Dipper®® provides a public entry point to retrieve
and browse LD resources from a set of repositories
stored on the Talis Platforth Where available (in the
RDF data) human-readable labels are used to format
the results (retrieved as URIs). Dipper also enables
extraction of the results of queries to RDF/XML, N-
Triples®®, Turtle and JSON. Fig. 10 shows the output
of a request for a sample resource in MesicBrainz
store.

Fig. 10. The results of a request in Dipper for a sample resource
in MusicBrainzis used as an entry point to browsing albums in the
semantic store. Labels in the RDF data are used with a basic text
categorisation template to render more human-readable output.

38Dipper— Talis Platform Browserhttp:/api.talis.
com/stores/iand-devl/items/dipper.html ; See also
http://notes.3kbo.com/talis

SOhttp:/iwww.talis.com/platform

“Ohttp:/www.w3.0rg/TR/rdf-testcases/
#ntriples
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4.1.2. Disco
The Disco Hyperdata Browsét was developed

as a web browser-independent tool that browses un-

bounded RDF resources. Disco searches for informa-
tion about a resource of interest on the SW, which
is seen as “a global information space consisting of
Linked Data”. All processing occurs on the server, and

results are presented in the client browser. The output

is displayed as a table of property-value pairs, specify-
ing the source of each resource returned. As for Dip-

per, where available, human-readable labels are used

to format the results. The simple interface aims to sup-
port the debugging of SW sites.

The Disco public entry point was not retrievable as
at the time of carrying out the review.

4.1.3. Marbles

Marbleg? retrieves information about resources of
interest by querying the SW index Sindié¢also used
for Sig.ma), the SW search engine Falcdrjg1], and
the SW-based review site ReW35]. Marbles im-
proves the user experience by performing (resource-
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Fig. 11. The results of a request for the URI
http://www.bbc.co.uk/music/beta are shown on the
left. We then browse to the resourbtusicBrainz(top, right). Two
sources of information on the resource of inter@&C Music Beta
are also retrieved fronsindiceand Semanlink® (bottom, centre
and right).

intensive) processing on the server. Fresnel lenses arefaceted search and browse across (the heterogeneous)

used to format SW resources for presentation to end

information collected by multiple users from different

users, presented as property-value pairs in a table. Dif- data sources, based on user tags and other data proper-

ferent colouredmarblesare used to distinguish the
sources of the information retrieved, which are pre-
sented as a list of URIs. Fig. 11 illustrates the output
of a request for the BBC Music Beta URI, from which
we browse to other interesting resources.

Marbles provides, additionally, a SPARQL end-
point. Marbles may also be installed locally, allowing
information to be saved to and retrieved from local
data stores.

4.1.4. Piggy Bank

Piggy Bank part of theSIMILE*" project, is a Fire-
fox*® web browser plug-in that enables the extraction
(and conversion where required) of information from
web sites, as RDF to a semantic repository [40]. Users

ties such as date, document or resource topic. Results
are presented using a list-like interface, and detail for
information of interest using a table structure; Huynh
et al. [40] report that presenting the information as a
collection of items was more suitable for the informa-
tion seeking tasks they support than would a graph rep-
resentation. The reasoning behind this decision being
that a graph would overload the user, thereby rendering
a comprehensive view of data infeasible.

Providing the service via a web browser allows
Piggy Bank to be used as part of end users' normal
web browsing and IR activity. An added advantage
for especially lay-users is that this allows transparent
retrieval of corresponding URIs, where available, for
information of interest to the user. Piggy Bank ex-

may tag resources extracted and share the information {y5cts information stored in non-RDF format to new

they collect with other Piggy Bank users. This allows

“IDisco Hyperdata Browser: http://iwww4.wiwiss.
fu-berlin.de/bizer/ng4j/disco
“2http://www5.wiwiss.fu-berlin.de/marbles
43http://sindice.com
44http://iws.seu.edu.cn/services/falcons/
objectsearch/index.jsp

“Shttp://revyu.com

4Bhttp://www.semanlink.net

47http://simile.mit.edu
48http://www.mozilla-europe.org/en/firefox

RDF data, which may be stored in local or shared (re-
mote) semantic stores, along with tags created to de-
scribe data. Users' past knowledge generation activity
is therefore easily recorded and reused, e.g., as sugges-
tions while creating new tags.

4.1.5. Sig.ma

Sig.ma— Semantic|nformation MA shup— views
the “...Web of Data as an integrated information
space” [75]. Sig.ma retrieves and integrates (often het-
erogeneous) Linked Data, starting from a single URI,
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by querying the Web of Data and applying machine to standard ontologies and other relevant knowledge
learning and rules to the data found. Results are pre- on the Web about the resource. The results are pre-
sented as a reorderable list of veri ed sources and links sented as a list of property-value pairs. Dereference-
i[O pOtentially relevant information -On the query sub- able URIs that point to images and web pages are em-
ject; end users may conrm or reject relevance. At pegded into the HTML pages used to serve the output,
tributes of varl:dated Iresourclzles may also be uselgl ,tc; - in addition to displaying human-readable descriptions
ter e_md sort the result set, allowing users to stackinfor- oo 016 in the RDF data.
mation in order of highest relevance. Basic editing of . .

. - URI Burner provides support for requests input as
the presentation templates may be carried out through . .

free text string® and for looking up URIs from a text

a simple form. : I : .
label (illustrated in Fig.13b), in addition to the norm,
querying from an absolute URI (Fig.13a).

Fig. 12. TheSig.maLD browser is shown top, left (a), with query
subject “BBC Music”. The results of dereferencing URIs for poten-
tially relevant information (in the right-hand pane) are shown top,
right (b), and lower, left (d). Centre, right (c), shows the results of
a query in Sig.ma for “BBC Music + most played artists”, which
corresponds to the dereferenced URI in (b). Bottom, centre, displays
the results obtained for the query subject “BBC Music Beta” (e).

(a) Browsing from the resource URI f&BC Music BetaOn the right
a template is used to display the result that includes the dereferenced
URI (that retrieves the image) embedded in the output.

Support is provided for advanced querying to se-
lected attributes of a resource. To allow reasonable re-
sponse time resource retrieval is staggered. Further, re-
peat requests for additional information may be made
— these will also take any lters in place into ac-
count. Sig.ma allows extraction of search results to
RDF/XML, JSON and RS% (Really Simple Syndica-
tion). Permalinks may also be saved, providing short-
cuts (history) to previously executed queries. Fig. 12
shows a short browsing chain which starts with a

search for the phrase “BBC Music”.
(b) Browsing the Web of data from the text query “BBC Music”;

4.1.6. URI Burner URIBurner employsPrecision Findto nd the closest matching URI
OpenLink's5° URI BurneP! service retrieves in- and returns a ranked result set as a table of entity names with corre-

formation about resources of interest by (internally) SPonding URIs.

traversing the RDF graph for a resource, by matching Fig. 13. Browsing the Web of Data IdRI Burner

4Shttp://feed2.w3.org/docs/rss2.html
S0http:/ivww.openlinksw.com 52yRI Burner Precision Search & Find:
Slhttp://linkeddata.uriburner.com http://linkeddata.uriburner.com/fct
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A SPARQL query endpoint is availabl@penLink
ISPARQES, a graphical web-based Ul that demon-

strates query by example, is provided as a separate

tool. Additional services are also provided for applica-
tion developers to extract Linked Data to raw RDF (as
XML and other versions including n3 and Turtle) and
other formats including HTML and JSON.

4.1.7. Zitgist DataViewer

TheZitgist DataViewet® was developed to help end
users manage information overload. Zitgist collates in-
formation relevant to an entity of interest and presents
it to the user, as a list of property-value pairs. Large re-
sult sets are split across multiple pages, to improve re-
sponse time and help manage information load. A set
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Fig. 15. A query fromhttp://www.bbc.co.uk/music in the
Zitgist mini-DataViewet* compares the browsing experience to that
in a web browser (see Fig. 14). This time we follow the path to the
review of the solo artisloe McElderryand extract additional infor-
mation about the entities retrieved using ténks® tool. This al-

of templates enables adaptation of data presentation to lows the MO template to be selected to format the information for

suit the underlying data type and presentation medium
(e.g., desktop or laptop web browser vs. small screen
— cf. Figs. 14 and 15).

Fig. 14. The results of a request for the URI
http://www.bbc.co.uk/music/beta is shown in the
Zitgist DataViewer Additional snapshots browse through the
resources returned to retrieve a list of artist reviews and link nally
to theCommodorepage on th&BC Music Betavebsite.

In-built templates include for the ontologiEOAF®,
DOAP® (Description Of A Project), and the M®

53http://linkeddata.uriburner.com/ispargl

54Zitgist mini-DataViewer test on iPhone emulator:
http://www.testiphone.com/?url=http://minidv.
zitgist.com

S5http://zlinks.zitgist.com

56http://trac.usefulinc.com/doap

S7http://musicontology.com

the data of typenusicartist (sub- gures b & c).

(Music Ontology). This allows information about a
person, a project or a music album, for example, to be
displayed in a format that is more easily interpreted
by end users (see, for instance, Fig. 15 (b & c), which
formats the output using the MO template). Users may
edit the layout of results, by selectively embedding the
resources pointed to by dereferenceable URIs in the
HTML page served.

Simple ltering of sources retrieved (displayed as
a list in a navigator pane) is also available. Filtering
based on data attributes also provides a simple form
of faceted browse/ lter. Zitgist supports sharing and
reuse of queries, through the use of permalinks to the
HTML pages generated to serve the output; it does not
however provide support for extracting the underlying
(linked) data.

4.1.8. Summary

Our review found that all but one of the text-based
browsers target the tech-user. As previously discussed
this is not unexpected at this stage in the lifetime of the
LOD initiative.

None of the tools reviewed provides a high level
overview. However, support for detailed analysis of the
focus is provided to at least some degree in all the
browsers. Marbles additionally provides very limited
highlighting of links across data, by adopting a visual
paradigm — the coloured “marbles” used to distinguish
different data sources in the view. This is to be ex-
pected: text does not provide a good level of support
for the generation of overviews, nor the identi cation
of relationships within data, especially on the scale
dealt with in this eld.
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Some level of formatting and categorisation results
in more human-readable representations of the RDF
data output. Varying levels of (reusable) template sup-
port, such as enabled by Fresnel, result in more ne-
tuned presentation of results; targeting the require-
ments of tech-users however means that this is fairly
basic for the generic LD browsers. Their use for de-
tailed analysis therefore still presents a challenge for
the lay-user.

Genericity dominates, as expected, for the tools de-
veloped to browse the unbounded Web; with the only
restriction due to the need to load and specify data
repositories to search over in Dipper. Some level of
support for querying via SPARQL endpoints is avail-
able, in addition to the default input via URI request.
The former is the most effective way to retrieve (large
amounts of) data for reuse by third parties; for tech-
users this meets expectation. Support for lay users is
much lower, with only two of the browsers reviewed,
Sig.ma and URIBurner, providing functionality for
text search, within a result set or as a starting point for
retrieving/browsing Linked Data.

Tech-users are likely to generate large scale data au-
tomatically (as described in e.g., [30]), with little need
for explicit support from LD browsers, beyond error
identi cation, noise reduction and validation. Accord-
ingly, very little support is provided for the publication
and validation of new data in the tools reviewed, with
only Piggy Bank, which targets lay-users, supporting
intuitive, user-centred publication of Linked Data to
shared repositories.

The review found that the tech-user is fairly well
supported by the text-based tools that enable simple,
unbounded, stepwise browsing from speci ed ROIs
through the LOD cloud and the readable Web, with
access to powerful, exible functionality for formal
querying across data sets. A signi cant gap however
exists in support for the lay-user, especially for ex-
ploratory browsing and knowledge discovery.

We examine next a selection of visualisation-based
tools, both developed for Linked Data, and generic
RDF browsers able to handle Linked Data with little
or no customisation, to determine the level of support
available for both tech- and lay-users.

4.2. Browsers with visualisation options

The visualisation-based approaches to exploring
Linked Data we review include custom applications
developed speci cally for Linked Data, such &8-
pedia Mobile LESS RelFinder and Tabulator, and
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browsers developed for RDF data able to support also
the particular requirements of Linked Data, such as
IsaVizandRDF Gravity The discussion will highlight
the application to complex information spaces (i.e.,
densely linked graph data), and the potential for more
intuitive support by exploiting visual information seek-
ing and knowledge discovery.

4.2.1. DBpedia Mobile

DBpedia Mobileuses geographical location as the
connector between data points of interest. This allows
it to support end users navigating through the real
world, actively seeking or exploring resources near
their physical location, to discover information about
objects and events [6,16]. DBpedia Mobile uses GPS
(Global Positioning System) to identify the user's po-
sition on a map and physically close objects that cor-
respond to DBpedia resources.

A point and click interface is used to navigate to
and select points of interest (available as Linked Data
nodes), and thMarbles Linked Data Engingsee sec-
tion 4.1.3) is used to retrieve related information on
the selected resources. Context and type of informa-
tion are used to select suitable formats (e.g., icons)
for presentationLevel of detailfunctionality succes-
sively increases detail as the user moves toward an
ROI; combined with ltering to hide information of
low relevance to the user this allows optimal use of
small screen size on mobile devices. The results are
processed on the server before being returned to the
user in a text overlay that contains also links to third
party LD browsers.

Support is provided for keyword and concept query-
ing via a simple query Ul, and pre-speci ed SPARQL
gueries may be reused in the mobile version.

DBpedia Mobile also allows end users to publish
information about their current location and any pho-
tos taken (via their FOAF pro le), in addition to re-
views (via Revyu) of selected resources in the vicin-
ity (e.g., buildings, people associated with the area);
this feeds into the shared DBpedia repository as new
Linked Data.

4.2.2. Fenre

Hastrup et al. [31] describe the use of interactive
graph visualisation irren re to browse Linked Data.
Fen re was developed as a generic tool, to remove
the restriction to speci c domains encountered in other

58DBpedia Mobile test on iPhone emulator:
http://www.testiphone.com/?url=http://beckr.
org/DBpediaMobile
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Fig. 16. Browsing central London ddBpedia Mobil& ; we zoom in to an ROI and select a resource of interest. Representative icons distinguish
resource types, e.g., hotels (using a bed) and music venues (musical notes). Overlaid on the snapshots are the Uls for forms-based querying and
publishing new data to the LOD cloud.

RDF browsers. The application has been extended for data, by merging related information about entities into
(the more speci c requirements of) browsing Linked meaningful visual representations (e.g., using a person
Data, in order to support both authors and end users icon to represent toaf:Person  and its attributes).
to verify, explore the content and make use of such Fig. 17 shows the effect of applying a GSS style sheet
data. To allow scalability to the very large amounts of to an RDF graph model drawn in IsaViz. IsaViz also
data typical in this domain, Fen re displays the de- supports the use of Fresnel lenses. Detail for ROIs is
tail for the focus and its immediate neighbours, and provided using text overlays in tables.
fades away the graph with distance from the focus. ~ The approach taken in IsaViz provides both effec-
An alternative list view for the focus is also avail- tive support for the tech user who is able to interact di-
able. Hastrup et al. [31] note the importance of us- rectly with the underlying RDF graph model; and the
ingrdfs:label s to provide user-readable labels for More mainstream user, on application of the presenta-
nodes in the RDF graph. tion layers that render a more easily interpreted, albeit
Fen re takes input as a pointer to an RDF docu- higher level, view. . _ . .
ment(s). Where multiple documents are loaded in the  Simple forms-based text search is provided, in addi-
view Fen re will follow links de ned between doc- tion to advanced selection and highlighting of related
uments, and also attempt to generate dummy links Nodes and the links between them, using point-and-
between disconnected data. New graphs may be cre- C|IC!( and a form. Filters may also_ be app_lled to data
ated and saved locally; changes to external documents attributes to remove less relevant information from the

loaded into the view may however not be published to view, especially useful for reducing clutter in dense
their source, and must be saved locally data sets. Input is a pointer to (an RDF model stored

in) an RDF-encoded document (in any of the formats
4.2.3. IsaViz RDF/XML, n3 or N-Triples). IsaViz allows editing of
IsaVi2®is an interactive RDF graph browser and ed- graphs, and export to the formats above, in addition to
itor, with functionality for navigating through a 2.5D  saving the graph to an image or an SVG (Scalable Vec-
interface. Graph style sheets (GSS) [56] may be over- tor Graphics [23]) document. Projects may be saved
laid on the graph built according to the underlying and reloaded, simplifying reuse of previous analysis.
RDF model, in order to provide a more intuitive view 424 LESS
on the underlying data. Using GSS also helps to re-
duce the high occlusion that occurs in graph lay-
outs for large amounts of dense, highly interlinked

Auer et al. [4] aim to lower the barrier to main-
stream consumption of Linked Data through the use

60http://www.w3.0rg/2001/11/IsaViz/gss/foaf/
S9http:/ivww.w3.0rg/2001/11/IsaViz foaf.gss
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Fig. 17. The effect of applying the FOAF GSS stylesh2¢t a Linked Data set describing actors in a television series using the FOAF ontology.

Zooming in (right) to the formatted graph (lower left) illustrates how the template improves the ability to interpret the data content, both over the

default RDF graph (top left) and the raw RDF (text).

of LESS$! web-based templates to de ne visual repre-
sentations of Linked Data. LESS templates are writ-
ten using LeTL (the LESS Template Language) and
rendered with PH# (PHP: Hypertext Preprocessor),
producing HTML, RDF, RDFa or other textual output
such as JavaScrfftor JSON. LESS templates may
take as input a single data source, or synthesise multi-
ple sources via SPARQL queries. The publicly shared
web-based templates enable simpli ed reuse of the re-
sulting visual output, e.g., by importing into other web
pages and mobile applications' Uls. In addition to em-
bedding as formatted HTML (as in Fig. 18), LESS may
produce output in forms such as RSS.

Fig. 18. Linked Data (encoded as RDF/XML) describing the
foaf:Person  “Matthew Rowe®* is formatted to improve read-
ability and displayed in a web browser using a LESS template.

61http://less.aksw.org

62http://php.net

63https://developer.mozilla.org/en/
JavaScript_Language_Resources

64http://data.dcs.shef.ac.uk/person/
Matthew-Rowe

It should be noted that Auer et al. [4] do not report
usability evaluation with their target (mainstream) end
users. They do however indicate as future work devel-
opment to provide a visual front-end for the template
design and query construction, and integration with
relevant web services, to better support non-technical
users to both generate and consume Linked Data.

4.2.5. OpenLink Data Explorer

The OpenLink Data Explorét (ODE) is a web-
based RDF data browser for interacting with Linked
Data. ODE requires a resolvable URI as input or a text
string (for which it will attempt to locate a matching
resource URI); where this does not point to a document
containing RDF data, ODE attempts to extract meta-
data to an RDF representation and displays the result.

A number of perspectives (or views) are available:
what: lists the sources from which related information
has been retrieved. The result set may be grouped by
resource category (e.gsjoc:link  ); where: plots
data that contains geo-location information on a map
view; when: plots any data with temporal attributes
on an interactive timelineyho: displays information
aboutPerson entities using a Fresnel template based
on FOAF;images:displays image data extracted from
the sources retrievedrid view: displays the triples
extracted as a table of subject-predicate-object (spo)
entries;tag cloud: generates a pointer to information
about correspondindelicioustag$® for the resource
of interest;SVG graph: generates a node-link graph
to display the relationships between up to the rst 100
triples extracted; lters may be applied to restrict the
graph to an ROIpavigator: a list of entities grouped

65http://delicious.com/tag
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by type — click-through may be used to navigate to suc-
cessive levels of detail for eactristom:this view al-
lows the end user to load a Fresnel lens with which to
format the display of selected resources.

Filters may be applied by selecting categories (data
attributes) in the results returned. SPARQL queries
generated via iISPARQL may be saved to local session
les and reused in ODE.

In addition to the public web service ODE may
be installed as a Firefox extension. The latter inte-
grates the extraction of metadata and the retrieval of
additional relevant sources of information into the end
user's normal web browsing and IR activity (as does
PiggyBank — see section 4.1.4). The user may switch
between their (readable) Web browser and ODE's LD
browser view, to allow direct interaction with the un-
derlying Linked Data in the latter.

Fig. 19. The results are shown in ODE for a request for the URI
http://www.bbc.co.uk/music/beta in (a); with alterna-
tive views — a Itered and the default RDF graphs in (b) and (c) re-
spectively; two snapshots from the image view (d); and the navigator
view in (e). The relationship to the query for the string “BBC Music”
is shown bottom, left (f); and a new browsing chain is started in (g).

4.2.6. RDF Gravity

RDF Gravity® is a visual browser for RDF and
OWL documents. It uses basic icons and colour cod-
ing to distinguish different resource types. Point and
select functionality may be used to select and reposi-
tion nodes, to provide more physical space for ROIs, or

66http://semweb.salzburgresearch.at/apps/
rdf-gravity
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to bring distant nodes closer together to aid visual in-
spection. Text overlays are used to display detail about
nodes related to the focus in a table. Zoom and pan are
also provided, to allow a focus on the detail in ROISs;
Fig. 20 shows the use of different levels of zoom for
the very dense graph drawn for the list of artists with
names beginning with ‘A in the BBC Music store.

Fig. 20. Loading the URL
http://www.bbc.co.uk/music/artists/a-z/by/a.rdf

into RDF Gravity displays, rst, the three concepts (from the
MO) in the dataset -MusicGroup , SoloMusicArtist and
MusicArtist (a). Loading the complete RDF graph (b) displays
all instances of artists and groups whose names begin with ‘A’ (b).
Even with a Iter on labels to reduce occlusion (see far right), a very
dense layout results. The central snapshot (c) zooms into the ROI
(the nodes highlighted by selecting — yellow — in (b)) to display the
links into and out of the node for the artist “Tina Arena” — see also
the text query in (d) overlaid on the Iters on the right.

Support for basic text search to advanced querying
using formal query syntax (SPARQL and RDQL — a
query language for RDF [66]) complements a visual
Iter used to hide information of lower relevance. This
is especially useful for managing the high occlusion
that occurs for very large graphs, and for analysing de-
tail in ROIs.

4.2.7. RelFinder

RelFindef’ aims to provide more usable interaction
with Linked Data through graphical rendering of (au-
tomatically discovered) links between pairs of speci-
ed resources [38]. RelFinder focuses on the analysis
of detail in ROIs, by supporting interactive restricting
and/or aggregating of links drawn in the graph, based
on data attributes. Colour coding is used to highlight
related data properties. A data overview is maintained
in a coupled table (text) view.

87http://relfinder.dbpedia.org
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A restriction in RelFinder is that the user must
supply valid entry points, a SPARQL query endpoint
and the repositories to query on. This restricts use to
tech-users with at least a fair knowledge of data con-
tent. Auto-completion of input labels or keywords, and
an attempt to resolve these to derefenceable URI re-
sources (that point to RDF data) in the selected repos-
itories, coupled with validation of input URIs, support
the identi cation of valid nodes to search from, help-
ing to lower the entry barrier for especially lay-users,
once set up for a domain. The focus on revealing inter-
linking within data should be useful to application de-
velopers working with domain experts, for instance, to
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sion [10] provides support for writing to the underly-
ing data.

reveal data structure and relationships across data, and

highlight also incorrect linking during LD generation.
Fig. 21 illustrates a query for relationships be-
tween the entitiesdbPedia:Tina_Arena % and
dbPedia:Marc_Anthony , both of whom are of
typedbPedia:MusicalArtist

Fig. 21. RelFinder is used to search for relationships between
the artistsTina Arenaand Marc Anthony The results include the
recordLabel  Columbia Recordand the less direct relation — the
instrument  Piana

4.2.8. Tabulator

Tabulator was speci cally developed as a generic
Linked Data browser [9]. It uses globally referenced
concepts (such as FOAF) to interpret the content of
Linked Data, retrieved via absolute URIs that point to
RDF documents. Tabulator was developed to support,
among others, the identi cation of effective methods
for presenting the content of Linked Data resources to
end users (both tech- and lay-users), via an interface
that is easy to set up and learn to use. The latest ver-

68wheredbPedia: expands to the URI for thBBPediaLinked
Data set -http://dbpedia.org/resource/

Fig. 22. Browsing the results returned for the URI

http://www.bbc.co.uk/music/artists/a-z/by/a.rdf
in Tabulator by clicking through the indented text index. The results
for a table query are shown at the bottom.

Tabulator uses click-through a nested hierarchy (the
tree view) of text labels to display increasing lev-
els of re nement as a user browses through a dataset
(see Fig. 22). Data with temporal or geo-location (en-
coded as latitude and longitude) properties may be dis-
played using a timeline or calendar view, or a map
view respectively. Support for both naive (via con-
cept/instance selection) and expert SPARQL querying
is provided; all views are updated to re ect the results
of queries in any one view. Queries are automatically
saved and can be reloaded.

4.2.9. Summary

Our review recognises the good level of support pro-
vided by text-based LD browsers for tech-users, but a
dearth in support for lay-users (see section 4.1). The
visualisation-based browsers reveal improved support
for especially lay-users, for two main reasons. First of
all, visualisation provides a wider range of options for
encoding data attributes, making it a good candidate
for effective representation of heterogeneous, multi-
attribute Linked Data. The other reason for the utility
and popularity of (especially well designed) visuali-
sations is that, as discussed, they are able to take ad-
vantage of advanced perceptual ability in humans to
reduce cognitive load, especially useful in complex,
large-scale data analysis and knowledge retrieval. Har-
nessing visualisation therefore lowers the entry bar in
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the use of advanced technology for both domain ex-
perts and novice to casual (mainstream or lay) users.

Examining the top level requirements for effective
visualisation support for consuming Linked Data, we
nd that half of the tools in this group provide a vi-
sual overview, in addition to functionality for detailed
analysis of ROIs in all 8 tools reviewed. 6 out of the
8 tools provide at least some degree of functionality
for highlighting links in the data, either explicitly, us-
ing graph views, and/or via simple, intuitive ltering
mechanisms that highlight related data, within the con-
text of the larger LD cloud. Availability of basic text
search and/or advanced querying using formal syntax
in all but 1 tool, combined with multiple views in the
visualisation tools, support both guided IR and (ex-
ploratory) navigation through the data.

Although validation of the RDF model is explicitly
supported only in IsaViz (which was developed as an
RDF editor), the tools that provide a graph view al-
low end users to browse data structure, and therefore
quickly recognise anomalies that would be more dif-
cult to in large amounts of data in a textual view.
Further, mapping the data to other representations that
correspond to appropriate visual metaphors (e.g., ge-
ographical attributes to a map view, or temporal at-
tributes to a timeline) reveals different perspectives on
the data, in addition to highlighting any anomalies in
each view.

A major limitation in the visualisation-based ap-
proaches reviewed is limited support for browsing the
unbounded Web. This restricts (especially exploratory)
analysis and discovery to relatively small data stores

that serve as static snapshots of selected regions of the

larger Web of Data. This is partly due to the fact that
most of the tools available were originally designed
to support the browsing of XML and/or RDF models
rather than Linked Data and the Semantic Web as an
unbounded resource.

Analysing requirements according to the tasks end

users of LD would be expected to perform, the Visualisatiﬁpaecision-ma

based tools appear to offer more intuitive support for
the exploratory knowledge discovery that is expected
to guide lay-users' in consuming LD, by providing
more exible methods for (visual) navigation through
the data. The interactive visualisations also provide a
fair degree of support to tech-users, as advanced func-
tionality (e.g., formal querying, inspection of the un-
derlying data in selected ROIs using different perspec-
tives) is provided in addition to the more intuitive but
also more basic support for lay-users.

23

However, we recognise that even for the visualisation-
based tools, support for lay-users, while largely more
intuitive than for the text-based browsers, is still chal-
lenging. This is especially so where some level of tech-
nical expertise is required to set up the browsers for use
for selected domains or repositories, and/or to search
within data. The dearth in especially generic, basic vi-
sualisation support however reveals a gap in the eld
that must be lled if Linked Data is to see consumption
— use, reuse and enrichment of the Linked Data cloud
— by the different end users in all target communities.

5. Findings

Other RDF and Linked Data-speci ¢ browsers ex-
ist, in addition to those we speci cally review. These
include SIMILE Exhibif® and Haystack®, FoaF Ex-
plorer’t, Humboldt[48], LENA [50], Noadster[62],
mSpacq64], Revyu[35], RKBExplorer[27], Seman-
link [67], and the explore mode of theesam® se-
mantic store.

This survey captures the range of functionality avail-
able for browsing, querying, editing and publishing
Linked Data, employing visualisation-based, as well as
the more commonly available text-based Uls. Table 1
summarises the guidelines discussed in section 3 for
the design of intuitive visualisation tools able to sup-
port exploratory knowledge discovery and analytic ac-
tivity. For each feature we list references that present
evidence (empirical and/or based on scienti ¢ theory)
for its validity for and/or its contribution to design that
results in tools that support intuitive, effective con-
sumption of Linked Data.

The list is not exclusive; the ability to handle multi-
dimensional data, for example, is implicitin LD (albeit
managed in different ways), and is therefore not in-
cluded. Supporting exploratory knowledge discovery
is a major requirement for effective LD consumption;
however this, like measuring insight or con dence
king as a result of analysis, cannot be
directly measured [20,25,45,71,73], but is assessed
through more explicitly de ned functionality such as
the provision of overviews, intuitiveness of navigation,
ability to examine detail in ROIs and retrieve infor-
mation desired. Intuitive navigation through informa-

%http://www.simile-widgets.org/exhibit
"Onttp://simile.mit.edu/hayloft
"Ihttp://xml.mfd-consult.dk/foaf/explorer
72Sesame frameworkittp://www.openrdf.org
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tion spaces, similarly, is dependent on a number of fea-
tures, including support for retracing one's steps and
undoing previous actions (history), ltering out infor-
mation of lower relevance in order to reduce data den-
sity and occlusion, and the use of directed querying to
allow jumpingor portingto a speci ed location in data.
Exploratory navigation is also, to a large extent, in u-
enced by the generation of effective data overviews.
The top part of Table 1 lists general guidelines for
analytic activity and knowledge discovery for com-
plex, large scale data sets such as Linked Data, while
the lower section lists additional requirements derived
based on tasks typically carried out in the consumption
of Linked Data (note these may be applicable also to
other SW data, similar domains and data types). Cita-
tions in the lower section of the table therefore focus
more on empirical evidence — papers describing the
implementation of tools and techniques for the use of
LD and, more generally, RDF data. Bizer et al. [15],
for instance, review the state of art in the LOD initia-
tive, identifying key guidelines for the publication of
new LD, and features that support the (re)use of exist-
ing LD. These include the need to maintain genericity
in data encoding (i.e., maintaining the accepted stan-
dard RDF), in order to support the inclusion of any and
all data, but in a form that is easily shared and reused.
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for selecting, e.g., templates to provide more human-
readable output (as in IsaViz), or the use of RDFa to
embed machine-readable data within human-readable
output (e.g., as described in [29]), we will categorise
the tool as targeted at both tech- and lay-users.

The (relative) newness of the LOD initiative and
recognised challenges in evaluating IR from semantic
data[75], information visualisation and visual analyt-
ics [20,63,71], make it dif cult to perform comprehen-
sive quantitative evaluation in this eld. While we do
not claim our conclusions to be absolute we believe
that the qualitative approach we employ — analytical
inspection guided by design guidelines and best prac-
tice, where the latter has been established [see, a.o.
20,63,68,70] — reveals valuable information on usabil-
ity and the potential of the techniques and approaches
reviewed to enable intuitive, effective LD consump-
tion. Our results should help to pave the way to fur-
ther evaluation, which should increase in coverage as
research inthe eld progresses, and gold standards and
benchmark data and tasks become available.

In the following subsections we review, according
to the distinct, high level requirements in Table 1 and
section 3, whether the approaches examined are able to
support intuitive exploration of Linked Data that leads
to knowledge discovery and the achievement of end

Other challenges that must be addressed include datausers' overall goals. We will discuss the support pro-

veri cation and fusion, and the related issues in track-
ing provenance and ensuring data quality [15,35].

Based on what we have identi ed as key require-
ments for LD consumption (in Table 1), Tables 2 and 3
summarise functionality available in the tools we have
reviewed. Tools are grouped into text-based presenta-
tion and those that are visualisation-based or provide
visual representations in addition to textual output. An
asterisk indicates a requirement is partially satis ed.

In assessing the extent to which these requirements
are satis ed by each tool, we also look at how well they
support LD consumption by lay-users. We use three
main criteria to categorise a tool as targeted at the lay-
or tech-user: (1) tool owners' own assessment of target
user type (in publications, tool manuals and/or descrip-
tions); (2) key tasks supported by tool design, e.g., sup-
port for information retrieval using only or predomi-
nantly formal query syntax indicates a target of tech-
rather than lay-users; (3) the extent to which SW tech-
nologies are visible to the end user — tools targeted at

vided by the different LD browsers, and highlight gaps
that must be lled in order to result in truly intuitive
functionality for consuming Linked Data, especially
for the lay-users who face signi cant challenges in the
use of this rich data.

5.1. Accessing Linked Data

The tech-user is able to read and understand RDF
in its raw form, and may prefer to browse long lists of
URI resources and RDF triples presented with little or
no formatting. Domain experts may, to a lesser extent,
be able to make use of their knowledge of data in their
eld of expertise to browse large amounts of Linked
Data in textual format, especially where labels in the
RDF provide human-readable descriptions of the data.
However, one of the most signi cant barriers to LD
consumption is access by lay-users to the rich knowl-
edge contained when presented as RDF. A challenge
to exploratory discovery in the Web of Data is that

lay-users should prevent, as far as is possible, the needmost LD browsers require input in the form of abso-

for the user to understand SW technologies in order to lute, dereferenceable URIs. A sub-set of these require
make (optimal) use of them. For example, where a tool that these also point to an RDF(-encoded) document;
returns results as RDF but also provides functionality this requires both an understanding of SW protocols
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Table 2
Comparison of functionality in the text-based LD browsers.

LD Browser

Usability Criterion Dipper Disco

Marbles

URI
Burner

Piggy  Sig.ma Zitgist

Bank

Visual presentation
Data overview

Detail on demand
Highlight links in data
Support for scalability
Query (formal syntax)
Query (forms / keyword)
Filtering

History

Presentation templates
Keyword / DMI entry point
Non-domain speci ¢
Faceted Search / Browse
Publication / Syndication
Edit underlying data
Reusable output

Target — Lay-users
Target — Tech-users

X X X ||X x

X X X X

and a knowledge of data sources and content. This ex-
plains in large part the signi cantly lower consumption
of Linked Data outside the SW domain.

A very small portion of LD browsers however al-
low input as a descriptive text string, or using a DMI.
DBpedia Mobile serves as a good example of the use
of a custom visualisation as an entry point to the Web
of Data; it infers a suitable entry point for the end

user by automatically revealing resources based on ge-

ographical location. DBpedia Mobile, by making use
of a familiar metaphor for navigation through unfa-
miliar geographical spaces, removes the technical bar-
rier to LD consumption, enabling the (lay-)user to
make use of experience in the real world to navigate
the Web of Data (Yi et al. [79] explain the power in
adopting metaphors in real life for visual analysis).
LD browsers implemented as web browser extensions,
such as Piggy Bank and the ODE Firefox plug-in, sim-
ilarly infer user interest based on their current focus,
and piggy-back on this to switch seamlessly to navi-
gation through related resources in the Web of Linked
Data.

We contrast the predominantly tech-oriented ap-
proach to entry into the LOD cloud to the use cases
described in this paper that showcase examples of LD
presentation to support access and consumption by a
lay audience: rst, the web-based application provid-
ing a set of perspectives from which to retrieve, browse
and visualise health indicators in the US by geograph-
ical region (see section 2.2.2), by linking data in the
health domain with cartographic data. The applica-
tion allows end users to query the data using mean-
ingful text labels (corresponding to data attributes)
and browse the results using commonly available text
(sortable table) and visual (map and scatter plot) rep-
resentations.

The second example is the RFE that links UK re-
search data, relevant information on research collected
by public policy bodies, government and industrial
project funding and geographical location, to provide
an overview of intellectual property in research areas
of excellence. Users may track research output over
time and geographical location, identify collaboration
across organisations, and identify potential areas of in-
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Table 3
Comparison of functionality in the LD browsers with visual representations available

LD Browser
Usability Criterion DBpedia Fenre IsaViz LESS OpenLink RDF RelFinderTabulator
Mobile Gravity
Visual presentation X X X X X X X X
RDF graph view X X X X X
Visual overview X X X
Data overview X
Detail on demand X X X X X X X X
Highlight links in data X X X X
Support for scalability X X X X X
Query (formal syntax) X X X X X
Query (forms / keyword) X X X X
Filtering X X X X X X
History X X X X
Presentation templates X X X X
Keyword / DMI entry point X X X
Non-domain speci c X X X X X X X
Faceted Search / Browse
Publication / Syndication X X X
Edit underlying data X X
Reusable output X X X
Target — Lay-users X X X X X X X
Target — Tech-users X X X X X X X

vestment using the DMI. Snapshots of the underlying ent genres. Employing a more intuitive Ul moreover
project data may be extracted using formal query syn- has the advantage of lowering the cognitive load in-
tax. herent in large, complex, heterogeneous data analysis,
The nal use case is the BBC Music Beta project a signi cant factor in uencing the use of LD and the
(see section 4), which is harnessing the principles of adoption of tools built to consume LD in the main-
LOD to link related information across independent, stream user community.
previously unconnected legacy data repositories, in or-
der to improve services to the BBC's audience. The 5.2. Presentation
data that has been converted to RDF may be accessed
by lay-users directly from the BBC site, formatted We have discussed the bene ts of encoding Linked
as HTML pages, and via other services such as RSS Data in (machine-readable) RDF. However, as also dis-
feeds. cussed, it poses signi cant challenges for consumption
In each case a layer is placed over the Linked Data by especially lay-users (see, a.o., [62,65]). Even with
to present it in a format suitable for the sub-tasks (e.g., processing and the application of formatting layers to
browsing, IR, analysis) and overall goals of the end provide more human-readable output, as reviewed in
user — invariably, knowledge discovery toward a spe- this paper, there still remains a large amount of out-
ci c end (e.g., review strategies for public health poli- put in RDF, some of which may employ unintelligible
cies in a local council; identify industrial organisa- identi ers (especially to non-domain experts). Generic
tions involved in research on a speci ed technology; templates are among the most commonly used solu-
research relationships between artists classed in differ- tions, to provide an extra layer, formatting selected
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data and entity types, based on, e.g., standard ontolo- We have however made a case for the bene ts that
gies [4,24,54]. Fresnel lenses [57], for instance, are visualisation could bring to the consumption of Linked
popular for de ning implementation-independent tem- Data, especially for mainstream use, but also for tech-
plates for data presentation, based on ontologies suchusers. Generic browsers are necessary to promote
as FOAF. These, and other similar support for de n- mainstream LD consumption. Existing visualisation-
ing generic, reusable and extensible templates will be based RDF browsers such as RDF Gravity and IsaViz
especially useful for the design of new, intuitive LD attempt to parse the RDF graph structure of LD and
browsers, whether visualisation- or text-based. display this in node-link layouts. Such tools commonly
Well designed, reusable and/or extensible templates use icons, node and edge colour and size to encode
that target speci ¢ users and tasks also help to manage data attributes. High level data overviews are often
cognitive load and support more intuitive knowledge provided, especially useful for very large data sets, in
discovery, by transforming complex data to more eas- addition to support for intuitive discovery through nav-
ily interpreted representations, by merging and cluster- igation to and detailed analysis in ROIs. Clustering
ing related information and suppressing less important and level of detail Iters may be provided to support
data attributes [30,57,62]. We have seen that visualisa- interaction with especially dense data.
tion provides more options for doing so; however text-  Another challenge in the use of LD browsers con-

based representations also bene t from this approach. gured to browse the unbounded Web is handling re-
sponses such as “No data found in this store” or “No

! ] ~_ further information is available” for valid URIs. While
~ Whether or not Linked Data is reused beyond its ini- - the |atter response implies that no information was
tial point of generation is in uenced by data quality,  found for the URI in question, the former corresponds
the ability to identify links across data sets, and access g 3 failure to locate the resource. A particular advan-
to usable tools for exploratory knowledge discovery, tage in the use of visualisation to explore unbounded
directed IR, analysis and the presentation of the results yat5 is the ability to provide a preview of the next
of interaction with the data. [see, e.g., 63]. This review step for not just the current focus, but also closely re-
has found signi cant support for LD consumption by  |ated information, using level of detail functionality
tech-users, using predominantly text-based presenta- (such as dynamic lters) that reveals more detail as
tions. However, support for lay-users is much lower, 3 yser navigates through a data space. DBpedia Mo-
being restricted largely to custom applications and Vi- pjle provides such support — as a user zooms in to
sualisations built to suit SpeCi c end goals, USing S€- an ROI or pans across the map previous|y hidden re-
lected sub-sets of the Web of Data, as seen in the casesources are revealed. This gives the user a preview of
studies in section 2.2.2. Such tools tend to employ ba- the knowledge in new, previously unexplored regions.
sic, commonly used techniques to generate one-off vi- |f the user fails to locate expected resources in a re-
sual representations, often maps and timelines for data gion of the data space other information in the sur-
with geographical location and temporal attributes, re- rounding area may provide relevant information that
spectively, and graphical plots and charts, such as scat- may help to locate and retrieve the resources desired.
ter plots and bar and pie charts, to support statistical Advances in technology support the generation of both
analysis. simple and augmented visual layouts able to support
Visualisation has seen lower than expected cover- such views, which, relying on intuitive, pre-attentive
age in the LD application domain, especially in the de- perception in humans, signi cantly reduce cognitive
velopment of generic LD browsers, beyond the pro- |oad on the end user. Greater restrictions to manag-
vision of node-link graphs used to display the struc- ing large amounts of textual information due to, a.o.,
ture of the RDF graphs described by Linked Data. A screen real estate, however prevent the generation of
contributory factor may be the newness of the eld; similar detailed views in text-based representations.
a fair portion of applications are still at the prototype
stage. Further, these are often built to meet the require- 5.3. Obtaining an overview
ments of tech-users, who are still the main consumers
of Linked Data, chie y to browse data content, deter- Advances in technology have resulted in ever in-
mine its structure, carry out error checking and vali- creasing amounts of complex data; ability to man-
date new data. It is not surprising that functionality in age information overload is key to the usability of
LD tools is geared to these tasks. data analysis and knowledge discovery tools [45]. One

5.2.1. Visualisation
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technique for doing this involves the generation of data
overviews. While visual overviews are most common
they may take any other form suitable for the user
and their task (see section 5.2, which discusses meth-
ods for general data presentation). Overviews help end
users to obtain an understanding of overall data struc-
ture, and often serve as starting points for navigation
to ROIs and detailed analysis [69,79]. IsaViz is the
only tool that provides a dedicated (visual) overview,
in a coupled pane, in addition to the central detail view
(provided to some extent in all the tools reviewed).
Visual overviews may be obtained in RDF Gravity
and DBpedia; however, the user must switch between
this and the detail in ROIs. RelFinder provides a re-
stricted (text) data overview. A limitation of text-based
browsers is the poor support in textual presentation for
generating overviews — none of those we surveyed was
able to provide data overviews.

Support for handling scalability, in terms of data
size and dimensionality, is important for obtaining use-
ful overviews of (large scale) Linked Data. All the
tools surveyed perform some degree of processing to
cluster or merge data and minimise redundancy. Where
in use, presentation templates in both the text- and
visualisation-based tools reviewed help to aggregate
and format the information retrieved for a request,
providing descriptive summaries. These use, a.o.,
owl:sameAs constructs to highlight resources that
point to the same information, andfs:seeAlso
to point to additional information about the resource
of interest. This results in more human-readable out-

29

5.4. Navigation & exploratory discovery

In order to support discovery, especially for the lay-
user who will have little knowledge about data content
and structure, LD browsers must support intuitive nav-
igation within individual data sets and across the links
between data. This must be combined with strategies
for managing information overload, in order that end
users do not get lost, but instead are able to identify the
nuggets of valuable, relevant knowledge hidden within
the very large Web of highly interlinked data. The pre-
sentation of data — from high level overviews to detail
in ROIs, and support for intuitive Itering, are among
the most important contributors to effective navigation
[62,69] through such data.

The text-based LD browsers reviewed all make use
of in-built features in web browsers to provide click-
through navigation from a resource to other related in-
formation. Embedding applications in a browser how-
ever often disables the history mechanism built into
the forward and backward navigation buttons on their
tool bars, or results in inconsistent behaviour. Dipper,
LESS, Marbles, Piggy Bank and URI Burner, how-
ever, serve output as HTML pages, allowing normal
use of the navigation buttons. Additionally, the tools
that maintain an independent history of user actions
are able to support retracing and reviewing of previ-
ous paths through the Linked Data space (e.g., Piggy
Bank, ODE, by saving sessions and/or retrieving data
in semantic repositories for locally installed copies).

The visualisation-based representations are able
to make use of typical functionality for navigating
through data layouts, with the most basic support in-
cluding point and click functionality foopeningor

put and ensures correct interpretation of the processed jumpingto more distant resources of interest. Fenre

data, in addition to reducing information overload.
Multi-dimensionality in text-based tools tends to be

presented in sortable tables or matrices, or grouped in

(often indented) lists, allowing users to obtain, to a de-

and IsaViz additionally support navigation using the
keyboard. Pan and zoom are also features typically
available for browsing to ROIs in interactive visualisa-
tion, and Iters are often provided for suppressing less
relevant information. Overlays may be used to display

gree, an overview of the data. Multiple, linked views  yoi4jj for ROIS or to preview related, hidden data. Such
are another useful way to highlight and compare dif- featyres are used to navigate through the graph layouts
ferent perspectives on a data set, by focusing on a sub-in Fen re, IsaViz, RDF Gravity and RelFinder. Level
set of the data attributes in each. Visual representations of detail may be used in layouts, such as found in DB-

have an advantage in such cases in that they provide pedia Mobile, to provide increasing detail as the user
access to a large number of cues for encoding multi- moves to a previously unpopulated area of the map or
ple dimensions, including variation in colour (see e.g., Z00ms into ROIs.

Fig. 1b), and representative icons (e.g., as in DBpedia
Mobile, IsaViz with GSS). Icons may even be adopted
as a visual cue in text-based representations — as seen Directed information retrieval is carried out after
in Marbles. end users obtain an understanding of data content and

5.5. Information retrieval
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structure, to enrich knowledge discovered through the
initial exploration of a data space. The ability to di-
rectly query Linked Data using formal query syntax is
key to successfully carrying out tech-users' normal ac-
tivity. Different levels of depth may be supported, from
search within local or shared, remote semantic stores,
to the unbounded readable and semantic Web.

While the power and exibility of formal query-
ing cannot be denied, simple, intuitive ltering and IR
is also important, especially for lay-users. This may
be provided by, e.g., simple click-through lists of re-
sources and data attributes used as lIters, or more
commonly, the use of forms. Options for ordering and
grouping information by data type and property are
also useful for identifying and retrieving related infor-
mation, and may be used for faceted search/browse.

5.6. Detailed analysis of ROIs

Browsing of LD by de nition occurs across mul-
tiple, related data sets (from a speci ed entry point).
Each of the tools reviewed allows the inspection, and
to different degrees and with different techniques,
analysis of the user's (changing) ROI.

For small amounts of data, a plain text view is a
popular choice for analysing detail of the unadulter-

A.-S. Dadzie & M. Rowe / Approaches to Visualising Linked Data: A Survey

35,65]. Tech-users are likely to write custom or extend
existing scripts to automatically generate and dump
large-scale data into the LOD cloud, and where nec-
essary, extract metadata from legacy data and convert
it to RDF [14,16,29,39]. Lay-users on the other hand
require more transparent and intuitive support to pub-
lish smaller amounts of data; weaving data syndication
into users' normal IR and analysis activity is one of
the more effective routes to this end [35,40]. For in-
stance, a free text tag attached to a photograph of a cul-
tural icon and uploaded to a shared repository as part
of a tourist's review may be automatically extracted
as metadata to an RDF representation and attached to
the original description of tourist attractions in the ge-
ographical area, encoded as a resource in the Web of
Data. DBpedia Mobile, which stands out clearly, from
all the tools reviewed, as that most easily used by lay-
users, takes this approach, by using the third party ap-
plication Revyu [35] as a portal to the Web of Data.
Plans to enable direct publishing of LD to the Web
of Data in Fen re, and more intuitive support for tem-
plate creation in LESS should provide more effective
support for especially lay-users. IsaViz was developed
to support editing of RDF graph models; it therefore
provides extensive support for both simple and com-
plex graphs. While lay-users are likely to encounter a

ated data. However, as data amount increases, and fur-relatively steep learning curve, IsaViz represents the
ther processing and analysis become necessary, othermost usable of the graph editors reviewed.

often specialised techniques must be employed to sup-
port effective analysis of detail. Such functionality
must overcome human cognitive limits that restrict the
amount of information that can be processed effec-
tively, especially where a large number of relationships
must be followed to obtain a complete understanding
of data.

This is where visualisation has a signi cant advan-
tage (over text). It allows the use of suitable visual
metaphors and a variety of visual encoding options to
provide alternative perspectives that highlight selected
data attributes. Another advantage is the ability to use
the increased bandwidth in visualisation and percep-
tion to identify related information outside the imme-
diate ROI, using, e.g., previews as described in sec-
tions 5.2.1 and 5.4.

5.7. Publication / syndication

Intuitive support for publishing new data into the
LOD cloud is necessary to ensure high quality and
reusability, and therefore promote the value and con-
sumption of Linked Data by especially lay-users [24,

5.7.1. Data veri cation & validation

Both publishing new and editing existing data sets
require veri cation and validation, i.e., checking for
errors, noise and redundancy in the data. To carry out
such tasks tech-users visually inspect the plain RDF or
use simple graph views that display the structure of the
RDF graphs described by Linked Data. Such support is
available to tech-users, with tools such as IsaViz pro-
viding sophisticated functionality for viewing and edit-
ing RDF graph models, and RelFinder with support for
discovering and inspecting links in small ROIs. The
Sindice Inspectd? is an example of a tool that makes
use of multiple services to validate and provide infor-
mation about the content pointed to by a URL. Among
others, it renders an SVG graph of the RDF model re-
turned, generates a table of triples retrieved (as spo),
and presents a the response for the URL in Sig.ma.

Veri cation and validation tasks must however be
carried out more transparently in applications targeted
at lay-users; data entry forms such as provided in DB-

"3http:/linspector.sindice.com
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pedia Mobile guide input to ensure that the free text audience is dependent on its utility to those outside the
entry is transformed to valid RDF, in addition to cap- Semantic Web and Linked Data communities, there-
turing semantic metadata describing the data input. fore this lack of support for non-tech-savvy users could
inhibit its adoption.

Analysis of the approaches did however identify
several useful features that support end users — both
tech-savvy and lay. Firstly, breadcrumb features, which
are present in the majority of web-browser based ap-
proaches — particularly if the browser states are main-
tained — enable users to maintain an exploration path

mon datr? encok;jmg formsa\';v(Rch‘—j) s;:npll esllnf'(;rm?]- through the Web of Data. As a consequence, end users
tion exchange between (and other) tools. Further, are able to keep track of their progress through the

providing mgtadata about datq an.d the reuse of st.a-m- duration of their exploration activity, thereby provid-
dard ontologies and vocabularies increases the ability ing a history of the paths that were traversed. Second

to and probability that existing LD is correctly inter-  yhe ;56 of templates associated with given ontological
preted and reused. concepts transforms data returned by a URI into a leg-
ible, usable form. We found this to be particularly use-

] ) ] ful for URIs that contain many pieces of information
6. Discussion & conclusions within the instance description. When dereferenced,
such URIs, depending on the Linked Data browser
In this paper we have presented an analysis of cur- ysed, display several pieces of information, making it

rent approaches used to browse and visualise Linked challenging for the end user to decipher and interpret
Data. The motivation behind this survey was to present the response.

the reader with a clear de nition of the differences It is evident that within the Web of Data, a chicken

between such approaches, and their advantages andand egg problem exists [4,21,40,53,67]: where tools
limitations. By identifying requirements that such ap-  are needed to locate, retrieve and use Linked Data, and
proaches must address, requirements which in turn without good qualityLinked Data, there is little mo-
were motivated by the context of application over the tivation to design and build such tools for end users
Web of Data and the huge expanse of data that is to external to the Linked Data community. Mainstream
be dealt with, our analysis has identi ed where Linked  consumption requiregusability[4,30] where data can
Data may be used by both tech-savvy and lay-users. be combined together, or the current focus of explo-
We divided the approaches for browsing Linked ration saved and then re-loaded, or passed on at a later
Data into two types: text-based and browsers with point. Heath [33] states that the sum is greater than its
visualisation options. Both types of approaches have parts, where using the Web of Data to discover infor-
their place and usage. For instance, the former allows mation about information enables expansion on exist-
for ne grained analysis of a given datum, whereas ing knowledge, something which needs to be shared.
the latter allows the bigger picture to be seen. In Formalising data using RDF principles goes a long
essence the provision of visualisation options sup- way to obtaining a uniform representation of self-
ports human perceptual ability [44,45,63,69]. Bom- describing data, allowing the links across data to be
barding end users with rows of text is not effective recognised, as seen in LOD, and promoting data reuse
in conveying a structural description of a resource [40], among others. This lowers the restrictions pe-
and how it is associated with other resources in dis- culiar to speci ¢ domains and tasks, and increases
parate datasets. However, large-scale data visualisa-the ability to develop more generic tools for data ex-
tion is not always the best solution to complex anal- ploration and analysis. Using Fresnel lenses [57] and
ysis; instead, presentation should be based on the re-other methods for creating generic presentation tem-
quirements of the end user and their specic tasks plates [54,62,65], for instance, is one step toward
[2,19,20,24,25,26,43,56,62,63,68,69,71,73,75]. independent declaration of the presentation of data.
Of the array of approaches and tools surveyed we This will not completely remove the need for cus-
found only two which, based on our requirements, of- tom tools — they are better at performing speci c tasks
fered a usable solution to browsing Linked Data by [9,59,62,70]; however the design of tools for the Se-
lay-users. The uptake of Linked Data by a mainstream mantic Web are increasingly able to provide support

5.7.2. Data reuse

In addition to publishing new data to the LOD cloud,
the ability to export query and analysis results (in-
cluding new metadata that enriches existing LD) for
reuse in other tools is a requirement for end users. A
signi cant advantage in Linked Data is that the com-
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for user customisation, allowing a truly user-centred
perspective on analysis.

A key conclusion that we drew from our work was
the limited number of Linked Data browsers currently
available. We assume that this can be attributed to the
infancy of this domain. Although the Semantic Web
vision has been pursued for circa 10 years, it is only
over the past 3 years that the production of machine-

readable data has been generated at a suf cient scale

that consuming it has now become a large-scale task.
We therefore believe that the consumption of Linked

Data has now become a major research challenge, one

in which the visualisation and browsing of Linked
Data will play a crucial role.
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