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Abstract The amounts of available Semantic Web (SW) data (including Linked
Open Data) constantly increases. Users would like to browse and explore effectively
such information spaces without having to be acquainted with the various vocab-
ularies and query language syntaxes. This paper discusses the work that has been
done in the area for the case of RDF/S datasets, with emphasis on session-based
interaction schemes for exploratory search. In particular, it surveys the related
works according to various aspects, such as assumed user goals, structuring of
the underlying information space, generality and configuration requirements, and
various (state space-based) features of the navigation structure. Subsequently it
introduces a small but concise formal model of the interaction (that captures the
core functionalities) which is used as reference model for describing what the exist-
ing systems support. Finally the paper describes the evaluation methods that have
been used. Overall, the presented analysis aids the understanding and comparison
of the various different approaches that have been proposed so far.

Keywords Exploratory search, faceted search, Semantic Web, RDF, RDF
Schema.

1 Introduction

It is widely accepted that the structurally rich data organization of the Semantic
Web (SW) is not exploited easily by end users. Either the users have to formu-
late complex queries that require knowing the vocabulary of the sources and the
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syntax of the query language, or they have to use specialized applications (for a
particular domain) that assist users in exploiting such information. The last years
a vast amount of structured data has been published as Linked Open Data (LOD).
However, they cannot be directly exploited by end users in their current form,
since better linking, browsing and presentation is required (interaction and inter-
faces is one of the main research challenges of LOD according to [11]). There is
a need for general purpose methods for exploring such corpora which do not pre-
suppose knowledge of the underlying vocabulary or query language. Special focus
should be given on session-based interaction, as opposed to the state-less query
and response interaction of current WSEs (Web Search Engines), for enabling the
gradual formulation of complex conditions that are needed for locating the de-
sired resources and for aiding decision making. Since plain web browsers support
sessional browsing in a very primitive way (just back and forth), there is a need
for more effective and flexible methods that allow users to progressively reach a
state that satisfies them. For example, such methods would allow users to approach
gradually to states whose extension corresponds to the answers of complex queries,
like: “ German scientists who are known for their work in the field of evolution”.
Figure 1 demonstrates the gradual formulation of the first two conditions of that
query in Faceted Wikipedia Search that supports interactive search over DBpe-
dia’s structured information (over 13.1 billion RDF triples). States corresponding
to even more complex queries like: “ Japanese cars for sale which are driven by
persons who work at FORTH and know a person who knows Bob” should also be
reachable. Finally, qualitative and quantitative overviews of the current and the
possible subsequent states, should be provided at each step of the above process.

This paper surveys the work that has been done in this area. The motiva-
tion is that a large part of the related literature adopts a quite heterogeneous
conceptualization and terminology, it uses informal descriptions (subject to misin-
terpretation), and discusses in a mixed way visualization (GUI), state space, and
query language issues. Furthermore, existing surveys either focus only on the visu-
alization aspect of the interaction (e.g. [74]), or do not focus on RDF Schema (e.g.
[18]). This paper aims at alleviating the aforementioned problems by surveying
the work that has been done in the area, according to various aspects, such as as-
sumed user goals, structuring of the underlying information space, generality and
configuration requirements, and various (state space) features of the navigation
structure. Subsequently, the paper analyzes in detail the case of RDF/S datasets,
by defining formally and precisely the state space of the interaction, without focus-
ing on the various graphical visualization methods that could be applied upon a
state (interested readers can refer to other works like [48] that surveys visualization
and interactive visual analysis of multi-faceted scientific data). The benefits of the
described “core” model is that (a) it generalizes the main exploration/browsing
approaches using a small but precise and formally-defined model, (b) is query lan-
guage independent (it is based on a small set of fundamental queries which can
be implemented in various query languages), and (c) is visualization independent
(providing freedom to plug visualization components at implementation). This
analysis allows understanding and comparing (and thus assisting in extending)
the various different approaches that have been proposed.

Although we confine ourselves to RDF/S, the results of our analysis and our
model can be applied to any object-oriented conceptual modeling approach that
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supports classes, inter-class associations, specialization/generalization hierarchies
(among classes and among inter-class associations) and instantiation.

1

2

3

Fig. 1 An example of faceted exploration over DBpedia

The rest of the paper is organized as follows. Section 2 provides the motivation
and the required background. Section 3 introduces aspects and criteria for differ-
entiating the various approaches that have been proposed. Subsequently Section
4 focuses on RDF/S and introduces a “core” state-based interaction model for
RDF/S. Section 5 discusses implementation and query language issues and then
Section 6 categorizes the most indicative existing works (according to the crite-
ria of §3) and focuses on those that are applicable to RDF/S datasets under the
light of the previous model and analysis. Finally, Section 7 discusses evaluation
methods, while Section 8 concludes the paper.

2 Background & Motivation

At first we discuss some background, by introducing exploratory search (§2.1)
and distinguishing various kinds of information needs (§2.2), while afterwards we
motivate this work (§2.3) by refering to related past surveys.

2.1 Exploratory Search

In brief, exploratory search [61] is a term that refers to activities carried out by
searchers who are unfamiliar with the domain of their goal, the underlying technol-
ogy and the process they should follow to achieve their goals. Exploratory search
systems should inherently support symbiotic human-machine relationships that
provide guidance in exploring unfamiliar information landscapes [99]. Therefore,
exploratory search refers to a broader class of activities than typical information
retrieval, where users combine querying and browsing strategies.

Faceted Exploration (or Faceted Search) is a widely used interaction scheme for
Exploratory Search. It is the de facto query paradigm in e-commerce [83,92]. In a
short (and rather informal) way we could define it as a session-based interactive
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method for query formulation (commonly over a multidimensional information
space) through simple clicks that offers an overview of the result set (groups and
count information), never leading to empty results sets.

We should note that the various graphical query formulators (e.g. see [31,81]
for SPARQL), although related, do not fall in this category. Their main focus is
on facilitating the query formulation process through interactive and user friendly
ways. They do not assist the exploration of the information base through an in-
teractive process like in faceted search, a process that requires query formulation
in accordance with the actual contents of the underlying dataset.

2.2 Kinds of Information Needs

In general, we can classify information needs into two very broad categories: a)
precision-oriented ones (e.g. find the telephone of a store) and b) recall-oriented
ones (e.g. decide which car to buy). The current general-purpose Web Search
Engines (WSEs) mainly focus on single query precision-oriented needs and do
not provide adequate support for the second category ones. Only a number of
prototype information systems and WSEs (e.g. the ones described in [68,69,24,
75]), provide means for supporting recall-oriented information needs.

Recall-oriented needs frequently aim at decision making, over one or more
criteria, and have an exploratory nature, like search tasks in the medical, legal,
patent, and academic field, consumer-related tasks like car buying, and recently to
species identification tasks [95]. Wildemuth and Freund [100] have identified the
following as key attributes for exploratory tasks: a) they are associated with the
goals of learning and/or investigation, b) they are general rather than specific, c)
they are open-ended, d) they target multiple items, e) they involve uncertainty, f)
they elicit through ill-structured information problems, g) they are dynamic, h)
they are lengthy, i) they are multi-faceted, j) they are complex and finally k) they
are accompanied by other information and cognitive behaviors, like sensemaking.

To the best of our knowledge there are no current reports/insights regarding
the number of exploratory vs non-exploratory tasks, although there is a number
of recent works focusing on the discovery of search tasks and task sessions from
query logs (e.g. [56,63,39]). According to Marchionini [98] though, the majority of
information needs are recall-oriented. In the same direction, Broder [12] categorizes
WSE queries as navigational, informational and transactional (as illustrated in
Figure 2). According to him, the queries that are related to recall-oriented needs
(i.e. the informational and transactional queries) correspond to 80% of queries
(50% for the first and 30% for the latter query category). In a more recent study,
Rose and Levinson [79] raise the percentage of informational queries to 60%.

The taxonomy of tasks1, related to the two different kinds of information needs
that we consider in this paper, is illustrated in Figure 3. The left side concerns
precision-oriented information needs, where the task’s objective is to locate one
resource and get information about its attributes or metadata. The right side con-
cerns recall-oriented information needs. Here the objective is to locate (and get
information about) a set of resources. In this category we can distinguish goals
that require accessing sets of resources just in groups, or in groups accompanied

1 Note that there is a wide variation regarding the identified tasks in the literature (refer to
[55] for an overview). In this survey we focus on a faceted-oriented task analysis approach.
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WSE queries

Transactional, i.e. for 

performing a task (e.g.  

“gaming servers”, 

“music download”)

Informational

(e.g.  the query 

“new car models 2010” )

Navigational

(e.g.  “Porsche site”.)

(Log:  50%)

(Log: 20%) (Log: 30%)

Fig. 2 Analysis of WSE queries in three categories

Goal 

Locate ONE resource

and/or its attributes

(metadata)

Locate and analyze/compare  a SET of resources

and/or their  attributes (metadata) , or 

aggregated attributes or interelationships

precision-oriented 

info needs

recall-oriented 

information needs

(support of decision making)

Browse  the found resources  in groups

according  to various criteria

Obtain count information for the groups

Obtain complex (OLAP-like) aggregated results

Fig. 3 Kinds of information needs and related information tasks

by count information for getting an overview of a set of resources, e.g. as in Faceted
Dynamic Taxonomies (FDT) [84]. Furthermore, we may have goals that require
more complex aggregated results like those provided by data warehouses. For in-
stance, [9] proposes aggregations of arithmetic (min, max, average) and Boolean
functions over the numeric attributes of the documents in the answers of free-text
queries2. Moreover, in [21], counts are computed and displayed over combinations
(pairs, triples, quadruplets, etc) of attributes (of grouping criteria in general).
In comparison to OLAP (OnLine Analytical Processing) queries, in exploratory
search the information demand in unknown a priori (in OLAP it is known and the
schema is fixed) and the objective is not only to compute and see various aggre-
gate values (e.g. sales per month and department), but also to support a flexible
process for finding the desired individual resources.

2.3 Past Surveys

There are only a few surveys of the area. [18] proposes ER (entity-relationship)
and relational modeling to explain data organization and query models respec-
tively within 8 system’s browsing functionality. However, that survey does not
analyze or focus on RDF/S-oriented systems, and it does not discuss or analyze
how the identified query models are technically supported by the corresponding

2 For example, instead of just displaying the number of books of an author on a particular
topic, also show the average price of the author’s books.
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systems. [74] surveys several faceted browsers mainly from a visualization point of
view and characterizes browsers according to the supported GUI features. From
another point of view, [49] at first identifies requirements for various kinds of users
(metadata creators and analysts), then describes a general evaluation framework
(which however is not formally defined), and finally presents a systems compari-
son. However, browsing and graphical query formulating tools are being compared
using the same set of criteria, which is not clear since, and as already discussed,
graphical query formulators target different requirements. [72] reviews approaches
where ontologies are used to enhance user interfaces. One of the surveyed ap-
proaches is the so-called ontology-based browsing, according to which, systems ex-
ploit ontologies for browsing purposes. However, only some general characteristics
of browsers are described and they are not analyzed or compared with respect
to the supported states and transitions. Finally, [36] presents an empirical survey
of 98 Semantic Web applications (not only browsers) from a software engineer-
ing perspective based on a architectural analysis and a questionnaire about the
application functionality. An interesting finding is that 48% of the surveyed appli-
cations provide a search service on unstructured and structured data at the same
time, and that more than 90% have a user interface. However, that work does not
analyze the browsing services offered by the surveyed applications.

3 Aspects of the Landscape

We shall use the term EA to refer to an exploration approach. To fill the gaps
identified in §2.3, the current survey categorizes the various EAs using criteria that
do not concern only the user interface design, but also the underlying information
space and the user information needs.

Furthermore it focuses on states and transitions, for being independent from
the various user interface design aspects and the underlying query languages. In
particular, we can identify three main aspects (which are analyzed in the subse-
quent sections):

• Characteristics of the underlying information space. The structuring of the
underlying information base is an important aspect since each case requires tack-
ling different difficulties.

• Configuration. Some approaches can be applied without requiring any form of
configuration or application design (regarding the browseable information space),
while some others require configuration steps, e.g. specify the contents and struc-
turing of the browsable part through the view-based approach over a DB or an
RDF repository. Since the browsable part of the information source is defined by
a query, its structure may be different from that of the original source.

• State Space. In general we can view the interaction as a state space consisting
of states and transitions, therefore we can characterize, or comparatively evaluate,
two EAs by comparing their state spaces, e.g. by identifying properties which are
satisfied by their state space.

3.1 Information Space

Some EAs are applicable to simple structures like attribute-value pairs, while oth-
ers to complex structures, like Knowledge Bases (KBs). Consequently, one impor-
tant aspect is how the underlying information is structured. We could distinguish
various cases, below we list a few commonly occurred:
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– attribute-value pairs with flat values, e.g. name=Tom,
– attribute-value pairs with hierarchically organized values, e.g. location = Italy

also knowing (e.g. through a thesaurus or taxonomy) that Italy is a narrower
term of Europe,

– set-valued attributes (with flat values or hierarchically-organized),
e.g. accessories={ABS, ESP, GPS},

– multi-entity or object-oriented, e.g. an RDF dataset containing classes like
Persons, Cars, Flights etc,

– relational databases, however note that a relational schema does not have an
explicit representation of its conceptual schema (and its complexity can vary),

– fuzzy data, where fuzziness can be considered as an orthogonal aspect (there
are fuzzy extensions of the RDF model such as [62,60]).
How different or similar the above information spaces are, and what about the

corresponding EAs? Figure 4 shows the above categories organized hierarchically
where a case A is a child (direct or indirect) of a case B if whatever information
can be expressed in B can also be expressed in A. The value of this diagram is
that if an EA is applicable to a case A then certainly it is applicable to all cases
which are parents of A (since the parents of A have more simple structure than A).
For instance, an EA appropriate for RDF datasets is also appropriate for datasets
consisting of attribute-value pairs with hierarchically organized values.

Attrs Flat Values

Attrs  Hier. Values Attrs  Set  Values

O-O (multi-entity, RDF)

Logic-based (OWL)

Single Relational Table

Multi Table Relational DB

Fuzzy Attrs  Hier.   Values

Fuzzy OWL

Fuzzy RDF

single

entity type

multiple

entity types

Structural Complexity of the Information Space

less expressive

more expressive

Fig. 4 Categories of information spaces according to their structural complexity

3.2 Configuration

Some approaches can be applied over a dataset without requiring any form of
configuration or application design (regarding the browsable information space),
while others demand (or just allow) configuration steps. In some approaches the
designer should specify the contents and structuring of the browsable part of the
dataset by defining a view using the query language supported by the DB or the
RDF repository. We should make clear that the structure of the actual information
space can be different from the structure of browsable part. For instance, for
an RDF dataset, one can decide to provide exploration services only over the
contents of the answer of a SPARQL query. In that case, the structural complexity
of the browsable part is actually the same with that of a relational table. Such
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transformations are not necessarily only those that are supported by the query
language. For instance, the transformation can be defined by a complex process
or workflow, e.g. as in [24] and [50] where the results of keyword queries over Web
Search Engines (i.e. the series of records returned each comprising a URL and a
textual snippet) are analyzed (using LOD), and the identified entities are used for
offering faceted exploration of the search hits. In that case, the information space
that is actually explored has the structural complexity of attribute-value pairs.

Domain Specific 

(over a single, pre-known

Schema)

Exploit Schema

Information

Generic

Ignore Schema 

Information

Multiple 

Schemas

Single 

Schema

Configuration  of Applicability

View-based approach

(for specifying the 

visualized/browsable

content/structure)

This concerns 

O-O  (multi-

entity RDF)

Fig. 5 Distinctions according to configurability/applicability

Figure 5 distinguishes some categories for the O-O case (e.g. RDF/S datasets)
regarding the applicability (generality) or context dependency of an EA. The left
side corresponds to domain specific approaches, while the right side to generic
approaches. The latter can be dichotomized to those that exploit schema informa-
tion (i.e. RDFS) if available, and those that do not. Those that exploit schema
information can be further distinguished to those applicable to triple sets over a
single schema and those applicable to triple sets over multiple schemas. All these
are analyzed in the core model described in §4.

3.3 State Space (States, Transitions and Transition Markers)

We can view the interaction of an EA as a state space consisting of states and
transitions. The user starts from the initial state and moves from state to state.
Each state has (a) an extension being the set of items (or resources) displayed,
(b) an intension being the condition/query that is satisfied by the items of the
extension, and (c) a number of transitions each leading to a different state. Each
transition has a clickable transition marker that signifies the existence of the tran-
sition and allows the user to trigger a state change. In addition each state has one
or more visualization formats for its (a) extension, (b) intension, as well as (c) its
transitions (e.g. a list, a tree-control, a table, a map). Usually one visualization per
state is supported but there are works (e.g. [33]) where a state can have more than
one visualization formats (some of these formats may hide some of the transitions
of the state). In most cases the left bar is used for the transition markers, the top
bar for the intension, and finally the middle right area for the extension, as shown
in Figure 1 (DBpedia) and in Figure 7 (from the system described in [24]). Figure
6 shows the aforementioned structural elements in the form of an informal UML
class diagram (Figure shows only the important multiplicities of associations).
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State

Resources

IntensionExtension

Transition

Visualization

1

*

1

<from

<to

*

1

associated with>

associated with>

associated

with

has><has

Fig. 6 The schema of the state space (as an informal UML Class Diagram)

Usually, and this is crucial, each transition marker is enriched with information
regarding the target state. For instance, consider a dataset about hotels and sup-
pose the user is currently at a state containing all hotels located at Greece. From
that state there are transitions allowing the user to refine his focus, e.g. there is
a transition towards a state that shows only the hotels of Athens. The marker of
that transition is an indication of the extra condition that will be added to the
intension of the current state (i.e. the extra condition location=Athens will be
added), as well as the size of the extension of the new state (e.g. the count of hotels
located in Athens could be 80). This is why the transition markers that correspond
to refinements (restrictions of the current focus) offer a sort of synopsis or sum-
marization of the current extension, as it has been discussed in the literature (e.g.
in [84,28]). Furthermore, and before clicking on Athens, the user may be able to
see that there are more specialized refinements, such as Historical Center and
Olympic Stadium. This means that the user can inspect transitions which are two
or more steps away in the state space. The other way around, transition markers
that move to a broader focus (e.g. from Olympic Stadium to Athens or to Europe),
help the user to understand the context of his current focus.

Intension (as visualized)

extension

stateTransition markers

Fig. 7 An indicative GUI of a state

Transitions are a key notion in any kind of EA and can be distinguished ac-
cording to various criteria. We will categorize them on the basis of the user goals
shown in Figure 3 that require accessing a set of resources. Figure 8 shows one dis-
tinction of such transitions, assuming an O-O structuring (since it covers RDF/S).
The left part concerns transitions that do not change the entity type (e.g. the user
explores cars only and she/he does not start exploring persons) and we can char-
acterize such transitions with respect to the relationship that holds between the
extension of current state and that of the target state (e.g. zoom-in/out/side), and
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Transition Objectives

Same Entity Type

Change Entity 

Type

Zoom-

in

Zoom-

out

Zoom-

Side

wrt  the set-theoretic 

relationship between current 

and next state (assuming 

their extensions are sets of 

resources)

wrt method

Through attribute 

values (literals) 

of the entity

Through relationships 

with other entities

directly 

related 

entities

indirectly 

related 

entities

summarization context

transition markers offer

applicable in  

multi-entity 

information spaces 

(e.g. RDF)

Through 

their 

classes

Fig. 8 A taxonomy of transitions according to the objective

with respect to the “handle” that is used for changing the focus (e.g. through their
classes, attribute values, or through related entities, etc). The right part concerns
transitions that can change the entity type of the current focus. To be more precise,
let B denote an information base, and QL denote the query language supported by
B. If q is a query in QL, we shall use q(B) to denote its answer over B. A query q
is subsumed by q′, denoted by q ≤ q′ if q(B) ⊆ q′(B) in every information base B.
Let now s = (e, q) denote a state where e denotes its extension and q its intension.
These two elements should satisfy the following constraint: e = q(B). However,
note that in approaches like the one described in [68,69], where in the context of
a WSE the FDT interaction is offered over the results of a keyword query kq, B is
actually the answer of the keyword query, i.e. the list of hits returned where each
hit is accompanied by its metadata values (which can be hierarchically organized).

A transition from a state s = (e, q) to a state s′ = (e′, q′) can be characterized
according to the relationships that hold between their components. For instance,
we can call a transition s → s′: (a) “refinement” (or zoom-in) if e′ ⊆ e or q′ ≤ q,
(b) “relaxation” (or zoom-out) if e ⊆ e′ or q ≤ q′, (c) “side-moving” if it is neither
refinement nor relaxation but e ∩ e′ ̸= ∅. If e and e′ contain entities of different
types (and therefore it certainly holds e∩e′ = ∅), we can call the transition s → s′

“entity type switch”. Let trans(s) denote all the transitions from s. Each EA
actually defines a set of states, transitions and a visualization method for them.
For example, in FDT the refinement transitions in trans(s) are in the form of
(e′, q′) such that e′ ̸= ∅ and q′ is derived by replacing a conjunct of q with a term
that is narrower than q (i.e. q′ ≤ q). The case of RDF/S is analyzed in detail
in Section 4. Since a key characteristic of interactive search is that it is session-
based, we can define a session as a sequence of states connected through transition
markers, and a refinement session as a session where for any successive pair of
states, s and s′, it holds s′.e ⊆ s.e. If s′.e ⊂ s.e, we can call the session strictly
restrictive, while if s′.e = s.e we can call it extensionally equivalent. Lastly, we can
call a session single entity if it does not contain any entity type switch transition.
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4 A Core Model for Exploring RDF/S Datasets

In this section we define a precise and concise model that captures the essentials of
RDF browsing approaches for recall-oriented information needs, allows accessing
resources in groups (with count information) and is applicable to O-O information
spaces (RDF/S). The model is part of the interaction model for Fuzzy RDF that
was described in [60]. We use this model as a reference model for describing in a
systematic manner the various works on exploration of RDF datasets.

RDF Notations. Let K be a set of RDF triples and let C(K) be its closure (i.e.
the set containing also the inferred triples according to the adopted semantics). We
shall denote with C the set of classes, with Pr the set of properties, with ≤cl the
rdfs:subclassOf relation between classes, and with ≤pr the rdfs:subPropertyOf
relation between properties. We define the instances of a class c ∈ C as inst(c) =
{o | (o, rdf : type, c) ∈ C(K)}, and the instances of a property p ∈ Pr as inst(p) =
{ (o, p, o′) | (o, p, o′) ∈ C(K)}.

Running Example. We shall hereafter use the dataset illustrated in Figure 9
as our running example. An instance of the interaction over this dataset, which
is based on the model that will be introduced later on, is sketched at Fig. 10.
Specifically, the figure depicts only the part of the UI (usually the left bar) that
shows the transition markers (it does not show the object set).

uses

Car

cr1 cr2

dr
Person

Bob Alice

drives
r d knowsd r

works at

rd Organization

Computer 

Science 

Department
FORTH

related to
d r

Van Jeep Adult

Vehicle

Institute

Universitypaid from

d rCar 

Manufacturer

European
Japanese

American

Fiat BMW Toyota

madeBy

r d
Available

ForSale ForRent

Not. Avail.

Status

cr3

Fig. 9 An RDF/S dataset (running example)
Properties are depicted by rectangles and the letters “d” and “r” are used to denote the domain
and the range of a property. Fat arrows denote subClassOf/subPropertyOf relationships, while
dashed arrows denote instanceOf relationships.

Initial States Consider one RDF/S dataset with a single namespace with classes
C and properties Pr. The existence of more than one namespaces can be exploited
for setting extra filtering conditions throughout the interaction (e.g. to select the
namespaces that should be visible or invisible). If s denotes a state we shall use
s.e to denote its extension. Let s0 denote an artificial (or default) initial state. We
can assume that s0.e = URI ∪ LIT , i.e. its extension can contain every URI and
literal of the dataset. Other options are also possible. For instance, the extension
of the initial state can be a subset of the full contents, e.g. it can be the result of a
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Vehicle [+] CarManufacturer (3)[+] Organization (2)[+] Person (2)[+] Status (2)[-] Vehicle (3)Car (3)     Jeep (1)[-] Vehicle (3)Car (3)     Jeep (1)[-] Status (2)  Available (1)    ForSale (1)  Not. Avail (1)by madeBy (2) European (1)   BMW (1) Japanese (1)   Toyota (1)by inv(uses)    (2)   Alice (1)   Bob (1)by inv(drives)   (1)   Bob (1)

Click on

Vehicle

(class-based 

restriction)

[-] Vehicle (3)Car (3)     Jeep (1)[-] Status (2)  Available (1)    ForSale (1)  Not. Avail (1)by madeBy (2) European (1)   BMW (1) Japanese (1)   Toyota (1)by inv(uses)   (2)by worksAt (2)     CSD(1)     FORTH(1)   by inv(drives)    (1)   Bob (1)

Click on

inv(uses) 

(path expansion)

The transition markers
of the initial state

Class-based
transition markers

Property-based
transition markers

PropertyPath-
based
transition 
markers

Fig. 10 Sketch of the GUI part (usually left bar) that shows transition markers

keyword query, or a subset of the set of resources of dataset as computed (filtered)
by an external access method3.

Being at a state s below we shall show how to compute the transitions that
are available to that state.

From the initial state s0 it is reasonable to offer transitions towards states
corresponding to the maximal classes and properties, i.e. to one state for each
maximal≤cl

(C) and each maximal≤pr
(Pr). Specifically, each c ∈ maximal≤cl

(C)
(resp. p ∈ maximal≤pr

(Pr)) yields a state with extension inst(c) (resp. inst(p)).
Below we will define formally the transitions based on the notion of restriction and
join. For doing so, we need some auxiliary definitions. We shall use p−1 to denote
the inverse direction of a property p, e.g. if (d, p, r) ∈ Pr then p−1 = (r, inv(p), d),
and let Pr−1 denote the inverse properties of all properties in Pr. If E is a set of
resources, p is a property in Pr or Pr−1, v is a resource or literal, vset is a set of
resources or literals, and c is a class, below we define notations that restrict the

3 One could adopt visualization approaches like in [48] or techniques that derive overviews,
like the top-k diagrams proposed in [26], but such works go beyond the scope of this paper.
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set of resources E:

Restrict(E, p : v) = { e ∈ E | (e, p, v) ∈ inst(p)}
Restrict(E, p : vset) = { e ∈ E | ∃ v′ ∈ vset and (e, p, v′) ∈ inst(p)}

Restrict(E, c) = { e ∈ E | e ∈ inst(c)}

Now we define a notation for joining values, i.e. for computing values which
are linked with the elements of E:

Joins(E, p) = { v | ∃e ∈ E and (e, p, v) ∈ inst(p)}

Now we are ready to define precisely transitions and transition markers. In brief we
will define transitions for (a) class-based browsing, (b) property-based browsing,
(c) property path-based browsing, and (d) entity type switch.

4.1 Class-based transitions

Suppose we are in a state s with extension s.e. The classes that can be used as
class-based transition markers, denoted by TMcl(E), are those which are used in
E, i.e. are defined by:

TMcl(E) = {c ∈ C | Restrict(E, c) ̸= ∅} (1)

If the user clicks on a c ∈ TMcl(s.e), then the extension of the targeting state
s′ is defined as s′.e = Restrict(s.e, c), and its count information is s′.count =
|s′.e|. For example, suppose the user selects the class Vehicle. The user can then
view its instances and follow one of the following class-based transition mark-
ers: Vehicle, Car, Jeep, Status, Available, ForSale, Not.Available. No-
tice that ForRent and Van are not included because their extension (and thus
their intersection with the current extension) is empty.

The subclass relationships between the elements of TMcl(s.e) can be exploited
for organizing them hierarchically. This can be exploited in the visualization, e.g.
for producing an appropriate indentation in a text-based visualization like what
is shown in Fig. 11(a) for our running example. In general, such a layout should
reflect the structure of the reflexive and transitive reduction of the restriction of
≤cl on TMcl(s.e) (i.e. on Rrefl,trans(≤cl | TMcl(s.e))). Furthermore, based on the
relationship between the extensions s.e and s′.e, a transition (or transition marker)
can be characterized as a zoom-in/out/side transition.

4.2 Property-based transitions

Suppose the user has focused on the class Car and therefore the extension of this
state is the set {cr1, cr2, cr3}. The user can further restrict this set through the
properties: every property whose domain or range is the class Car, or a superclass of
Car (in general any property that is used in the resources in s.e), can be considered
as a facet of the instances of Car. Consider the property madeBy whose domain is
the class Car and suppose its range was the String Literal class. In that case
the firm names of the current extension can be used as property-based transition
markers. Now suppose that the range of the property madeBy is not literal, but the
class CarManufacturer as it holds in our running example. In this case, the firms
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(URIs in this case) of the cars in the current extension can be used as transition
markers, as shown in Figure 11(b). Notice that Fiat is not shown as it is not
related to the current focus (i.e. to cr1, cr2 and cr3)4. Formally, the properties
(in their defined or inverse direction) that can be used for deriving property-based
transition markers are defined by:

Props(s) = {p ∈ Pr ∪ Pr−1 | Joins(s.e, p) ̸= ∅} (2)

For each p ∈ Props(s), the corresponding transition markers are those in
Joins(s, p), and by clicking on a v in Joins(s, p) we get s′.e = Restrict(s.e, p : v).

(a)
Vehicle(3)

Car(3)
Jeep(1)

Status(2)
Available(1)

ForSale(1)
Not. Avail(1)

(b)
by madeBy(2)

BMW(1)
Toyota(1)

(c)
by madeBy(2)
European(1)

BMW(1)
Japanese(1)

Toyota(1)

(d)
by inv(uses)(2)

Alice(1)
Bob(1)

by inv(drives)(1)
Bob(1)

(e)
by inv(uses)(2)

by worksAt(2)
CSD(1)
FORTH(1)

Fig. 11 Examples of transition markers

If the set of transition markers Joins(s.e, p) is big, this set can be categorized
according to the classes of its elements. This means that in our example, the set
of firms can be categorized based on the subclasses of the class CarManufacturer.
These classes can be shown as intermediate nodes of the hierarchy that lead to
particular car firms, as shown in Figure 11(c). These classes are actually the classes
in TMcl(Joins(s.e, p)). This approach, apart from controlling the magnitude of
the displayed information, it can also be exploited as a kind of composite property-
based transition markers, specifically as shortcuts allowing the user to select a set
of values with disjunctive interpretation. In our example, this means that the user
can click on Japanese instead of clicking to every Japanese firm. Formally, clicking
on a value vc (vc ∈ TMcl(Joins(s.e, p))) drives to a state s′ with the following
extension:

s′.e = Restrict(s.e, p : Restrict(Joins(s.e, p), vc)) (3)

We should note that apart from the madeBy-based transitions, the user can
follow transitions based on the properties inv(drives) and inv(uses), as shown
in Figure 11(d). Finally, if |Props(s)| is high, then the elements of Props(s) could
be hierarchically organized based on the subProperty relationships among them
(analogously to the case of classes). In our running example, paid from could be
under works at, which in turn could be under related to.

4.3 Property Path-based transitions

It is of prominent importance in semantically-structured datasets to be able to
extend property-based transitions to property path-based transitions where paths

4 Since cr3 does not participate to a madeBy property, an alternative approach that one might
follow is to add an artificial value, say NonApplicable/Unknown, whose count would equal 1,
for informing the user that one element of the focus has no value to the madeBy property.
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can have unlimited length. This is required for allowing users to restrict the focus
through the values of complex attributes (e.g. addresses that may be represented
as RDF blank nodes [59]) or through the relationships (direct or indirect) with
other resources (e.g. provenance trails like those in [90]). In our example, a user
might want to restrict the set of cars to those which are used by persons working
for the CSD (Computer Science Department). In other words, the user would like
transition markers of the form shown in Figure 11(e) that corresponds to path
length equal to 2. It should also be possible the successive application of the same
property (e.g. for recursive properties). For example, the user may want to focus
to all friends of the friends of Bob, or to all friends of Bob at distance less than 5.

Below we define precisely property path-based transitions (expansion and cas-
cading restriction). Let p1, . . . , pk be a sequence of properties. We call this se-
quence successive in s if Joins(Joins(. . . (Joins(s.e, p1), p2) . . . pk) ̸= ∅. Obviously,
in alignment with the principles of faceted search, such a sequence does not lead to
empty results and can be used to restrict the current focus. Let M1, . . .Mk denote
the corresponding set of transition markers at each point of the path. Assuming
M0 = s.e, the transition markers for all i such that 1 ≤ i ≤ k, are defined as:

Mi = Joins(Mi−1, pi) (4)

What is left to show is how selections on such paths restrict the current focus.
Suppose the user selects a value vk from Mk. This will restrict the set of transitions
markers in the following order Mk, . . . ,M1 and finally it will restrict the extension
of s. Let M ′

k, . . .M
′
1 be the restricted set of transitions markers. They are defined

as follows: M ′
k = {vk}, while for each 1 ≤ i < k we have:

M ′
i = Restrict(Mi, pi+1 : M ′

i+1) (5)

for instance, M ′
1 = Restrict(M1, p2 : M ′

2). Finally, the extension of the new state
s′ is defined as s′.e = Restrict(s.e, p1 : M ′

1). Equivalently, we can consider that
M ′

0 corresponds to s′.e and in that case Eq. 5 holds also for i = 0. For example,

consider the schema path Car
hasFirm→ Firm

ofCountry→ Country and three cars
cr1, cr2, cr3, the first being BMW, the second VW, and the third Renault. The
first two firms come from Germany the last from France. Suppose the user is on
Cars and expands the path hasFirm.ofCountry. If he selects Germany, the previous
list will become {BMW, VW}, since Renault will be excluded, and the focus will be
restricted to {cr1,cr2} (as shown in Figure 12). It follows that path clicks require
disjunctive interpretation of the matched values in the intermediate steps.

The above can be applied also for successive applications of the same property,
e.g. inv(drives).knows.knows.paidFrom is a property path that could be used
to restrict cars to those cars whose drivers know some persons who in turn know
some persons who are paid from a particular organization.

4.4 Entity Type Switch

At the simplest case, from one specific resource the user should be able to move
to one resource which is directly or indirectly connected to that. In general, if
the current focus is a set of resources (e.g. a set of cars), the user should be
able to move to one or more resources which are directly or indirectly connected
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M'2 = {Germany}M'1 = {BMW, VW}s'.e = M'0 = {cr1,cr2}

s.e =M0 = {cr1,cr2, cr3} M1 = {Renault, VW, BMW} M2 = {France, Germany} Mi = Joins( Mi-1 , pi)

M'i= Restrict( Mi , pi+1 : M'i+1 )

hasFirm
Car

cr1 cr2

r Firm

BMWRenault

ofCountry

r
Country

Germany

Jeep

d

cr3

Van

d

FranceVW

s'.e

s.e

Fig. 12 An example of property path-based restriction

(to all, or at least one) of the resources of the current focus. For example, while
viewing a set of cars the user should be able to move to (and focus on) the list
of their firms (in this case we interpret disjunctively, i.e. we take the union of
the elements associated with every object of the focus). We could capture this
requirement by allowing users to move to a state whose extension is the current
set of transition markers. Since these elements can belong to different classes (in
comparison to the elements of the focus), we can call such transitions entity type
switch transitions. However the classes of the transition markers are not necessarily
different than those of the current focus (e.g. in the case of cyclic properties). Note
that the notion of entity type corresponds to the notion of RDF class, and from this
perspective, class-based transitions could also be considered as entity type switch
too. However in this case the source and target type may be subClassOf related.
To clarify the interaction, consider a user who starts from the class Persons, and
then restricts the focus to those persons who workAt FORTH. Subsequently the
user further restricts the focus through the property drives, specifically the user
selects the transition marker European. The focus so far contains persons working
at FORTH who drive European cars. At that point the user requests to change the
entity type to Cars. This means that the entity type of the extension of the new
state should be Cars, and the extension of the new state will contain European
cars which are driven by persons working at FORTH. Consequently, the property
drives (actually its inverse direction), is now a possible facet of the current focus
(and a condition is already active, based on the session of the user). The user can
then proceed and restrict the focus as he/she wishes to, e.g. European cars which
are driven by persons working at FORTH and are ForSale, and so on.

4.5 Discussion

Notice that although the described model is minimal (the user provides plain single
clicks) it includes actions which have disjunctive nature. In particular, property
paths, as well as complex transition markers (Eq. 3) are the means to express
disjunction. Also, note that the subclassOf/subpropertyOf semantics are dis-
junctive in nature (i.e. the set of instances of a class/property is the union of the
instances of its subclasses/subproperties). One can easily see that it is not difficult
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to provide the user with a means to select all possible transition markers for a
given property. In that case a property-based transition would return all resources
of the initial focus that have this property independently of its values5. Finally,
as already explained, when an entity type switch takes place, the model interprets
disjunctively the elements associated with every object in the current focus.

5 Implementation and Query Language Issues

Here we comment implementation approaches and query language specific issues.
It is not hard to see that the key capability required for implementing the model
is that of traversals (due to the subClassOf and subPropertyOf hierarchies). We
can dichotomize implementation approaches, on the basis of the assumed applica-
tion scenario. In the first scenario updates are not frequent and emphasis is given
on maximizing the speed of exploration services. At the other extreme, we have
a scenario where the updates are frequent and emphasis is given on reducing the
storage space and the effort/cost for maintaining the integrity of the data after
updates. A general implementation approach for the first scenario is to materialize
inferred information for avoiding traversals at run time at the cost of extra mem-
ory space and more costly updates. A general implementation approach for the
second scenario is to avoid storing any inferable information so that updates are
supported efficiently at the cost of less efficient exploration services (due to the
required traversals). In general, we can say that implementations are dichotomized
to forward and backward chaining approaches. For instance, and for the case of
taxonomy-based sources (Attrs with Hier. Values), dedicated indexes have been
proposed (e.g. [82,9]) for scenarios with rare updates. For scenarios with frequent
updates DBMSs have also been used (e.g. [103]). However, we should mention
that the latter approach requires knowing the depth of the hierarchies, or adopt-
ing query languages that support recursion6 for computing the transition markers
with one query (alternatively we can use SQL with while). Analogous approaches
(stored closure versus subClassOf/subPropertyOf inference at query level) are
applicable on RDF/S. For instance, and for bypassing the prohibiting (for inter-
action purposes) slow-down caused by RDFS and OWL-based reasoning at run
time, /facet [37] (which is a generic browser) pre-computes and stores the closures
of the transitive and inverse properties to a triplestore (supporting Prolog-based
querying). We further analyze the query language perspective below.

We have defined the interaction model using the extensions of the states, not
their intensions. This approach is more generic in the sense that it is independent
from the particular Query Languages (QLs) which are usually used for expressing
the intensions. However along the way towards implementation one may confront
an information source that is accessible through a particular QL. For instance, in
the context of Semantic Web and LOD, the RDF/S dataset can be stored in a
local triplestore (like SESAME7, Virtuoso8, RDFox9, etc.) that offers a particular

5 This kind of transition is called existential selection in [66].
6 TriQ [6] is a datalog based QL that offers a general form of recursion, reasoning and

navigational capabilities, that incorporates the main RDF QLs.
7 http://www.openrdf.org/
8 http://docs.openlinksw.com/virtuoso/
9 http://www.cs.ox.ac.uk/isg/tools/RDFox/
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Notation Expression in SPARQL
Restrict(E, p : vset), vset =
{v1, ..., vk}

select ?x where {
?x rdf:type temp; p ?V.
Filter (?V=v_1 ||...|| ?V=v_k)}

Restrict(E, c) select ?x where {
?x rdf:type temp; rdf:type c.}

Joins(E, p), where E = {e1, ..., ek} select Distinct ?v where { ?x p ?v.
Filter (?x = e_1 ||...|| ?x = e_k)}

TMcl(s.e) and counts select Distinct ?c count(*) where{
?x rdf:type ?c; rdf:type temp.}
group by ?c

Props(s) select Distinct ?p
where{ {?x rdf:type temp; ?p ?v.}
UNION {?m rdf:type temp. ?n ?p ?m. }}

Joins(s.e, p) and counts select Distinct ?v count(*)
where{ ?x rdf:type temp; p ?v.}
groupby ?v

Table 1 SPARQL-expression of the model’s notations (the extension of the current state is
stored in temporary class temp)

query language (e.g. the W3C standard SPARQL [2]), or it may be remote but it
is accessible through an SPARQL endpoint as it is usually the case in the LOD
(Linked Open Data) cloud. Table 1 shows the notations that we have used so
far in the interaction model and their expression in SPARQL, enabling in this
way a straightforward “plain vanilla” implementation10. To aid the readability of
queries, in the table we assume that the extension of the current state is stored in a
temporary class with name temp. In Table 1 we also assume that all inferred triples
are available (materialized) in the storage level. However, we should note that the
general purpose RDBMS Virtuoso [22], supports an extended SPARQL version
with subClassOf and subPropertyOf inference at query level. This means that
triples entailed by subclass or subproperty statements in an inference context
(built from one or more graphs containing RDF schema triples) are not physically
stored, but are added to the result set during query answering. This is nowadays
referred as SPARQL 1.1 RDFS entailment regime. As a result, we only have to
define the inference context11 for the SPARQL expressions of Table 1. Details
about the implementation of existing systems, and the query languages they use,
are given in §6.3.4.

6 Categorizing Existing Works

In this section we categorize the most indicative existing works according to the
aspects introduced in §3 and the functionalities of the model introduced in §4.
In particular, §6.1 concerns systems for exploring single entity type datasets, §6.2
is about systems for exploring multiple entity types datasets, and §6.3 further
focuses on works for RDF/S datasets. We have done our best to include the most
indicative works, however we may have missed some.

10 This “mapping” can be implemented over any web accessible RDF/S dataset by exploiting
the SPARQL extension described in [27], even if no triplestore or SPARQL endpoint is installed.
11 Instructions are available at http://docs.openlinksw.com/virtuoso/rdfsparqlrule.html
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System Goal Information space

Dynamic Faceted Search syst.[21] Aggregation AHV
Elastic Lists [88] Count AFV
Facete [87] Count AFV
Faceted search impl. [9] Aggregation AFV
Flamenco [103] Count AHV
Flexplorer [94] and Mitos [69] Count AHV
Google Scholar/Seach Tools Group AFV
Hippalus [70] Count AHSV
IOS/XSearch [24,25] Count AHV
product-search[89] Count AFV
RB++[106] Count AFV

Aggregation: Aggregated complex results AFV: Attribute Flat Values
Count: Groups & Count info AHSV: Attribute Hierarchical & Set Values
Group: Groups only (no count info) AHV: Attribute Hierarchical Values

Table 2 List of single entity exploration approaches

System Goal Inform.
space

Config. Data
Sources

BrowseRdf[66] Set O-O I one
Camelis2 [28] Count O-O V one
/facet [37] Count O-O E one
Faceted Data Explorer[23] Count O-O V one
Faceted Wikipedia [32] Count O-O I one
Fuzzy view based search[38] Set FRDF V one
gFacet: [35] Set O-O E one
GRQL [7] Set O-O V one
Humboldt [51] Set O-O E one
Longwell [1,73] Count O-O I one
MediaFaces [78] Count O-O I multiple
mspace [85] Set O-O V one
MuseumFinland [42] Count O-O V multiple
Odalisque [4] Count OWL V one
Ontogator [58] Count O-O V one
Parallax [41] Count O-O E multiple
Rhizomer[13] Count O-O V one
SemFacet [5] Set OWL 2 E one
SPARKLIS [29] Count O-O E one
VisiNav [33] Count O-O E multiple

FRDF: Fuzzy RDF E: Exploit schema
OO: Object Oriented I: Ignore schema

V:View-based

Table 3 List of multi-entity exploration approaches

6.1 Case: Single Entity Type Datasets

Table 2 characterizes eleven (11) single entity type browsing approaches based on
the user goal categories of Figure 3 and the structuring of the information space as
shown in Figure 4. The indicated information space corresponds to the structure
of the browseable part of the information space, which can be different from the
structure of the original information space as mentioned in §3.2. Notice that the
majority of systems group the hits and offer count information, however only some
of them support hierarchically structured values.
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6.2 Case: Multi Entity Type Datasets

Table 3 focuses on multi-entity type approaches and characterizes twenty one (21)
of them according to user goals, the structuring of the information space, the
configuration requirements, and multitude of underlying data sources. We can
observe that 8 of them do not provide count information, only 6 exploit schema
information, 9 of them follow the view-based approach and most of them are
applicable to a single dataset.

6.3 Works for RDF/S datasets

Here we focus on works for RDF/S datasets and we characterize them according
to the introduced core model (of §4). Section §6.3.1 focuses on transitions, §6.3.2
focuses on state space and ranking, and finally §6.3.5 discusses the differences with
graphical query formulators and linked data browsers.

Current model’s terminology Literature Terminology

transitions navigation modes [28], navigation links [4]
transition markers zoom points [68], index term [28], restriction value [66]
property-based browsing basic selection [66]
property path-based browsing indirect facets [18], join selection [66]
entity type switch pivoting [51,35], refocusing [40], [5] reversal [4,28],

path traversal [33]
complex transition markers complex class [28]

Table 4 Terminology mappings

System Supported Transitions
Class
based

Property
based

Complex
TMs

Property
Path
based

Entity
Type
Switch

Cycle
Detection

BrowseRDF X X × X × ×
Camelis2 X X X × X ×
/facet X X × × X ×
Facete X X × X × ×
Faceted Data Explorer X × × × × ×
Faceted Wikipedia X X × × × ×
Fuzzy view-based Search X × × × × ×
gFacet X X × X X ×
GRQL X X × × X ×
Humboldt × X × × X ×
Longwell × X × × × ×
MediaFaces × X × × × ×
mspace × X × X × ?
MuseumFinland X × × × × ×
Odalisque X X X × X ×
Ontogator X × × × × ×
Parallax × X × × X ×
Rhizomer X X × × × ×
SemFacet X X X X X ×
SPARKLIS X X × X X ×
VisiNav × X × × X ×

Table 5 Transitions supported by systems for exploring RDF datasets
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6.3.1 Supported Transitions

Since the related literature uses a quite heterogeneous terminology, Table 4 lists
some of the terms that we have used in this paper, and alternative terms which
have been used in the literature. This makes evident one “difficulty” of the area,
i.e. the discrepancy of the used terminology. Table 5 lists 21 systems and indicates
whether they support (up to some degree) each kind of transition where X means
yes, × no, and ? not specified. Notice that almost all systems support class and
property-based restrictions. Complex transition markers are supported only by
the prototypes Odalisque [4], Camelis2 [28] and SemFacet [5] (to the best of our
knowledge). Property path-based restrictions are supported by some systems, but
none of them detects cycles and prevents users from making redundant steps. Also
notice that in average, the number of supported transition types is rather low and
only one system receives five X (the maximum is six). This indicates that there is
room for improvement in several of the existing systems.

6.3.2 State Space and Ranking

Since the number of states and transitions can be numerous, there is a need for var-
ious ranking methods. This is important for datasets that contain several classes
and properties since in such cases the transitions markers can be too many to fit
on the screen. To tackle this problem ranking methods are employed for identi-
fying the more important transition markers (according to various criteria). The
top-ranked transition markers are then shown, while the rest can become visible
on demand, usually by pressing a “more” button or link. Figure 13 shows a tax-
onomy as regards what it is ranked and on what basis it is ranked, and then Table
6 categorizes some of the related works, mainly those corresponding to running
systems (the rest works are described below). In particular, the left part Figure
13 concerns what is ranked, and the right part concerns the information upon
which ranking is performed. For instance, BrowseRDF [66] introduces metrics for
automatically ranking facets (actually properties in the RDF language) based on
their frequency and the number of values (property values) associated with them.
A frequency-based ranking method is also adopted in [33,32] (VisiNav and Faceted
Wikipedia) for ranking properties and property values. In eBay.com the most im-
portant facets (attributes) are determined in advance through query and click logs
(as also discussed in [34]). Facetedpedia [54] proposes metrics for ranking facets
(attributes) hierarchies based on a navigational cost model based on structural
characteristics. In MediaFaces [78] (Yahoo’s image search engine), the candidate
facets (properties) after a text query are being ranked according to a statistical
analysis of image search query logs. Faceted Data Explorer [23] offers interactive
browsing over billions of triples, combining full text search and structured query-
ing, where classes are ordered according to the number of instances that have a
property value matching with a particular text query. From another point of view,
[38] presents a fuzzy view-based approach in which navigation results are ranked
according to resource’s fuzzy descriptions (based on manually defined fuzzy con-
cept inclusion axioms). Finally, [71] shows that it is beneficial if the systems let
the users to explore the available choices and at the same time, i.e during brows-
ing/exploration of the information base, allow them to express their preferences
as they are formulated according to the available choices. In this direction, the
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system Hippalus [70] that implements the preference-aware extension of faceted
search introduced in [96] allows the user to rank the facets, the facet terms and the
objects according to preferences defined directly by the user, through right-click
triggered actions.

Ranking

What

Based on

IS

Information 

Structure

L

Logs 

(usage 

data)Classes Properties Objects

T

Results of Text 

queries (based 

on resources 

labels)

IS+T IS+L

IS+T+L

Properties and

properties 

values

T+L

Fig. 13 Taxonomy of ranking methods for exploration approaches for O-O information spaces

System Ranking of Based on

BrowseRdf [66] P IS
VisiNav [33] PV IS
Faceted Wikipedia [32] P IS
MediaFaces [78] P IS+L
Faceted Data Explorer [23] C IS+T
Facetedpedia[54] CP IS
ebay P L
Fuzzy view based search[38] CP IS
Hippalus[70] COPV IS + UP

C: Classes IS: Information Structure
O: Objects L: Logs
P: Properties T : Text queries
V: Property-values UP : User Preferences

Table 6 Exploration approaches and their ranking capabilities

Additionally, a number of approaches that try to automatically present the
most “useful” facets and zoom-points according to various other criteria have been
proposed. Such criteria include set-cover ranking of indexed objects [20], interest-
ingness over a number of criteria [21], or use collaborative [52] and content filtering
[93] to rank facet-values pairs. Minimum-effort driven navigational techniques for
enterprise databases, that rapidly drill down to the most prominent tuples are
described in [80]. In the same manner, but for zoom-points, [47] proposes a system
for faceted navigation using a cost model of user navigation. A browsing-oriented
approach for facet ranking and grouping of facets and their values according to
different intuitions and metrics is provided in [97]. Finally, various other works are
discussed in [67]. In general we observe an increasing interest on ranking methods
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which is justified by the increase of datasets’ sizes; the bigger the dataset’s size is,
the more important (and difficult) the problem of ranking becomes.

Apart from ranking methods, for aiding the users to find the sought facet
(either corresponding to a class, property, or metadata element), keyword search is
usually supported by several systems (listed in §6.3.3). In addition, autocompletion
services during typing are very convenient and are supported by some systems (e.g.
SPARKLIS).

6.3.3 Initial States and Exploitation of Namespaces

Initial States. As regards the initial states in most systems the topmost elements
(classes, categories and properties) are shown, allowing the user to expand to more
specialized classes or properties on demand, as in BrowseRDF, Camelis2, /facet,
Facete, GRQL, MuseumFinland, Ontogator, Rhizomer, and SPARKLIS. In some
systems ranking is used (recall ranking was discussed in §6.3.2), specifically ranked
facets are used in Faceted Wikedia and MediaFaces. In most systems keyword
searching is (or can be) the first step of the process, as in Facete, Faceted Data
Explorer, Faceted Wikipedia, Museum Finland, Ontogator, Parallax, Rhizomer,
SemFacet, SPARKLIS, VisiNav. Moreover various graphical representations are
also used in a few cases, e.g. facet graphs in gFacet and tag clouds in Humboldt.
For elements with geocoordinates some systems provide view maps, e.g. the system
Facete.

Namespaces. As mentioned in §4, the existence of more than one namespaces
can be exploited for setting extra filtering conditions throughout the interaction.
Although simple and not hard to implement, most systems do not allow the user to
select the desired namespace(s). Some papers just mention that they filter out the
elements of “internal” namespaces (RDF, RDFS and OWL). We should mention
however that it was not feasible to check this functionality in various systems
first because some of them are not online, and second because the demos that
are usually deployed provide access to small in size datasets and the prefixes of
the URIs are not shown. However, namespace management is definitely something
useful and modern systems should exploit them. According to some measurements
that we have performed over datasets available in the LOD cloud in 201612, we
have seen that each dataset’s URIs contain on average 212 different prefixes.

6.3.4 Implementation

In Section 5 we described how the core model can be implemented using the
current features of SPARQL. Here we describe the technologies used by the systems
mentioned earlier.
Front-End. The front-end is mainly based on client side technologies (HTML,
CSS and JavaScript).
Server-Side Data Management. The server-side usually relies on a framework
for managing semantic data. As regards the query language most systems use
SPARQL as provided by the used triplestore (Sesame, Virtuoso, RDFox, etc). Par-
allax, that provides access to Freebase, uses MQL13, Camelis2 uses LISQL, while

12 Measurements performed b Michalis Mountantonakis
13 http://mql.freebaseapps.com/
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/facet and Ontogator (Ontogator is one of the components of MeseumFinland) use
Prolog. GRQL uses RQL [46], while mspace uses RDQL14. Special indexes are used
by some systems: Ontogator uses a memory-resident prefix label index, VisiNav is
based on dedicated indexes, while Faceted Wikipedia relies on full text retrieval
system and dedicated tree indexes. Finally, some systems like Faceted Wikipedia
and SemFacet also have an IR system (Lucene) for supporting flat keyword search
(useful for the initial state of the interaction).
Server-Side Programming Languages and Frameworks. The server side
relies on Java technologies (GRQL, Facete, Longwell, SemFacet, Ontogator, Visi-
Nav), Ruby on Rails (BrowseRDF), or C# (Humboldt). Camelis2 is based on
OCaml (a PL supporting functional, imperative and object-oriented features).
Faceted Data Explorer (which is based on Virtuoso cluster edition) also uses ap-
plication code in SQL procedures. Ontogator apart from Java it uses Prolog, and
MuseumFinland also uses the Cocoon framework. Several systems use XML and
XSLT transformations to generate XHTML. It is worth noting that some systems,
like gFacet and SPARKLIS do not have a dedicated server side component for
the exploration, meaning that the implementation is at client side (JS), i.e. the
client sends directly queries to SPARQL endpoints (SPARKLIS uses JS, gFacet is
implemented using Adobe Flex).

6.3.5 Graphical Query Formulators and Linked Data Browsers

There are some tools, usually called graphical query formulators or visual query
systems, that offer interactive and graphical methods to formulate SPARQL or
SQL queries like [31] which is based on extended filter-flow graphs, NITELIGHT
[81], SEWASIE [15] and others. Although related, such tools provide only an in-
teractive process for formulating queries; they do not offer an interactive process
for query formulation in accordance with the actual contents of the underlying
dataset. Instead, the surveyed in this paper systems offer an information seeking
process for satisfying recall-oriented information needs in the form of a sequence
of browsing actions that includes inspection or overview of the dataset. None of
the systems we surveyed is geared towards graphical query formulation only.
Linked Data browsers allow users to navigate between data sources by following
links expressed at published RDF triples. Browsers that support such a function-
ality include Tabulator [10], Disco15, Marbles16(provenance of resources is also in-
dicated) and the OpenLink Data Explorer17, a browser extension for viewing Data
Sources associated with Web Pages. A common characteristic of these browsers
is that they support one resource-to-one resource transitions (navigation along
in/outgoing links) while at each step of browsing only the directly connected re-
sources are accessible. Thus these approaches do not exploit the structuring of
data for providing exploration services. However, Tabulator allows the user to for-
mulate queries in a query-by-example style: the user can highlight a formulated
pattern of interest, query for any similar patterns and further analyze the results
through maps, timeline or other conventional data presentation methods.

14 https://www.w3.org/Submission/RDQL/
15 http://sites.wiwiss.fu-berlin.de/suhl/bizer/ng4j/disco/
16 http://beckr.org/marbles
17 http://ode.openlinksw.com
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7 Evaluating Exploration Approaches

An important aspect of information systems, which is not well studied for ex-
ploratory search systems, is their evaluation and metric-based comparison. Below
we focus on the creation of evaluation tasks and metrics, and categorize various
systems based on their evaluation criteria. Finally, we discuss information retrieval
(IR) metrics that could be exploited for evaluating exploratory search systems.

The first step in the evaluation of a system is the creation of the appropriate
evaluation tasks, which can be either user-based or non user-based ones. A number
of works provide guidelines for creating new exploratory tasks specifically designed
for faceted search and user-based evaluations. For example [53] summarizes that
the desired characteristics of exploratory tasks include low initial topic familiar-
ity, multiple items consideration and ambiguity to the final answers. In the same
manner, the work described in [100] recommends that exploratory tasks should
be open-ended and oriented towards learning and investigation, targeting multiple
items and including multiple facets, but in a clear context. On the other hand, a
number of initiatives from the IR world like TREC18 and CLEF19, provide rel-
evant tasks (e.g. TREC’s Session track20, TREC’s Interactive track21, CLEF-IP
track22) that could be adapted and used for evaluating exploratory systems.

After the creation of the tasks, the systems at hand can now be compared or
evaluated according to a number of metrics. As shown in Table 7, most systems
are evaluated using metrics from the Human Computer Interaction (HCI) domain;
either qualitative (e.g. Task Success, Evaluation Forms that users have to fill-in) or
quantitative (e.g. number of clicks/actions, time to make an action or finish a task,
data gathered from an eye-tracker, etc.). Only a few systems (e.g. the Hippalus
system [70]) exploit metrics proposed and used in the IR domain, since there are
no standard datasets that can be easily exploited by exploratory systems.

In this manner, below we describe a number of metrics that could be used in the
evaluation of exploratory systems and capture different aspects of the search and
exploration process. We dissever the available metrics in four categories (shown in
Table 8), based on a recent survey on IR metrics [14].

The first group of metrics assumes no user model (UM) and binary rele-
vance. As a result, instead of a ranked list of results, these metrics return the
set of relevant results. This category includes the traditional Cranfield metrics
of Precision and Recall, and their variations and combinations. For example,
for precision-oriented tasks R-Precision is a widely used metric, while Normal-
ized Recall (Rnorm) and PRES [57] are used for recall-oriented and exploratory
tasks. Metrics like Average Precision (AP), Mean Average Precision (MAP) and
F-Measure consider both precision and recall. Additionally, F-Measure can be
adjusted to be either more recall-oriented or more precision-oriented.

The second group of metrics provides simple UMs for user behaviour and as-
sumes a ranked list of results, which is more relevant for tasks related to web
searching or question answering. For example the Expected Search Length (ESL)

18 http://trec.nist.gov/
19 http://www.clef-initiative.eu
20 http://ir.cis.udel.edu/sessions/
21 http://trec.nist.gov/data/interactive.html
22 http://www.clef-initiative.eu/track/clefip
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System Metrics
HCI IR

BrowseRDF T, F -
Elastic Lists S, T, F, E, C -
FleXplorer & Mitos S, T, F, C -
Flamenco S, T, F -
Fuzzy view based search F -
gFacet S -
Hippalus S, T, F, C R, P, AP
IOS/XSearch F, T -
Rhizomer S, T -

C: Clicks & Log info AP: Average Precision
E: Eye-Tracking P: Precision
F: Evaluation Forms R: Recall
S: Task Success
T: Timings

Table 7 Evaluation metrics used by systems

Type Metric
Traditional Precision, Recall, R-precision, AP, MAP, F-Measure, Rnorm,

PRES [57]

U
se
r
M
o
d
el
s Simple ESL [19], Utility based Precision & Recall [76], GAP [77], RBR

[64], DCG & nDCG [43], nDCG for facets & nrDCG [86], ERR
[16], EBU [104], Bayes procedure & click data [14], Twist [30]

Novelty & Subtopics based Precision & Recall [105],
Diversity Intent-aware metrics [3], Intent-aware ERR [16], α-nDCG [17]
Session nsDCG [44], Session-based Recall, Precision & AP [45]
-based Probabilistic multi-session metrics [102]

Other Stream-based metrics [8],IR & HCI blended metrics [101]
Statistical methods FA [91], Statistical methods SEM [65]

Table 8 Categories of evaluation metrics

metric [19], assumes that the user walks down a ranked list of results, observing
each result until a stop point. A redefinition of the Precision and Recall using the
above user model and the utility of each result is described in [76], while Graded
Average Precision (GAP) [77] assumes that the user is only interested for results
with a ranking value over a specific threshold. Rank Biased Precision (RBR) [64]
assumes that the user only examines a specific number of results, the Discounted
Cumulated Gain family metrics [43] accumulates the gain of a results set from the
top, with the gain of each result discounted at lower ranks, Expected Reciprocal
Rank (ERR) [16] assumes a user that accumulates utility by stepping down the
ranked list and decides whether to stop or not according to the accumulated util-
ity, while [14] simulates user behaviour by using click data and a Bayes procedure.
Finally, the Twist measure described in [30], evaluates the effectiveness of a system
according to the required user effort for retrieving the desired information.

The third group of metrics uses more advanced UMs and consists of two fam-
ilies. The first one takes into account the novelty and diversity of the results. For
example, Recall and Precision have been generalized to include subtopics [105] (i.e.
utility is increased when the user gets an answer with a new topic), intent-aware
family measures [3] assume a probability distribution over subtopics, intent-aware
ERR [16] computes the weighted average of ERR over intents and α-nDCG [17]
penalizes duplicates. The second family of metrics assumes a session-based inter-
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action, which is a distinct feature of faceted exploratory systems. Recall that these
systems offer a dialogue between the user and the system, in such a way that the
response of the system (e.g. answer, branch shown, etc.), does not depend only
on the current user request (e.g. query, selector click), but also on his previous re-
quests and session history in general. As a result session-based metrics, like nsDCG
[44], generalizations of the traditional measures of Precision, Recall and Average
Precision for sessions [45], as well as theoretical probabilistic frameworks that take
into consideration user interactions over multi-session ordered lists [102] are rather
important for evaluating exploratory systems.

The last category of metrics includes works like the one described in [8], where
the usage of a system is represented as a stream of results and its performance is
studied based on time and usage, while [101] provide an evaluation framework by
blending IR and HCI design. Finally, statistical methods for examining interrela-
tionships between multiple evaluation criteria, such as Factor Analysis (FA) and
Structural Equation Models (SEM) are provided in [91] and [65] respectively.

8 Concluding Remarks

Since the number of RDF datasets constantly increases, the value of general pur-
pose methods for browsing and effectively exploring such datasets increases as well.
The exploration of such datasets can aid a plethora of tasks that rely on decision
making and range a wide spectrum of activities of our life from the medical domain
to the academic and research domain. This paper introduced aspects and criteria
for surveying the works in the area of browsing and exploring such datasets with
emphasis on session-based interaction schemes. It identified different kinds of infor-
mation needs, information structures and configuration requirements. Apart from
clarifying the tasks at hand, and the quite diverse terminology that is used in the
literature, the paper provided a generalization of the main exploration/browsing
approaches using a small but precise model comprising states and transitions (of
various objectives) between states. The model is suitable for comparing the ex-
isting approaches and can be used also as a guide for designing, implementing
and evaluating new systems, APIs (Application Programming Interfaces) or pro-
tocols. Although we focused on approaches applicable to RDF/S datasets, the
analysis and the introduced model can be applied to any object-oriented concep-
tual modeling approach that supports classes, inter-class associations, specializa-
tion/generalization hierarchies (among classes and among inter-class associations)
and instantiation. Subsequently, the paper described more than 30 systems in to-
tal (11 of them for single entity and 21 for multi entity type datasets like RDF/S
datasets) according to the introduced aspects and the core model. Finally, the
paper focused on HCI and IR methods for evaluating exploration approaches and
discussed what kind of evaluation results are usually reported in the literature.

Promising directions for further work and research include novel implementa-
tion approaches focusing on scalability for enabling the exploration of big data, also
harmonized with the distributed nature of Linked Open Data. Another promising
direction is the investigation of possible refinements of the interaction for datasets
that include geographic and social data, as well as refinements of the interaction
according to various quality aspects of the data, like completeness, uncertainty,
provenance issues, and trust in general. Finally, a rather important direction is the
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creation and standardization of evaluation methods, tasks and datasets, specifi-
cally designed for exploratory search systems.
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Search Via Integrated Personalized Faceted and Visual Graph Navigation. In SOFSEM,
volume 4910 of Lecture Notes in Computer Science, pages 778–789. Springer, 2008.

94. Y. Tzitzikas, N. Armenatzoglou, and P. Papadakos. FleXplorer: A Framework for Pro-
viding Faceted and Dynamic Taxonomy-Based Information Exploration. In Procs of 19th
Intern. Conf. on Database and Expert Systems Application (DEXA’08), pages 392–396,
2008.

95. Y. Tzitzikas, N. Bailly, P. Papadakos, N. Minadakis, and G. Nikitakis. Species identi-
fication through preference-enriched faceted search. In Procs of the 9th Metadata and
Semantics Research Conf. (MTSR ’15), Manchester, UK, September 2015.

96. Y. Tzitzikas and P. Papadakos. Interactive Exploration of Multi-Dimensional and Hier-
archical Information Spaces with Real-time Preference Elicitation. Fundamenta Infor-
maticae, 20:1–42, 2012.

97. A. Wagner, G. Ladwig, and T. Tran. Browsing-Oriented Semantic Faceted Search. In
DEXA (1), pages 303–319, 2011.

98. R. W. White, B. Kules, S. M. Drucker, and M. C. Schraefel. Supporting Exploratory
Search, Introduction, Special Issue, Communications of the ACM. Communications of
the ACM, 49(4):36–39, April 2006.

99. Ryen W White and Resa A Roth. Exploratory search: beyond the query-response
paradigm (synthesis lectures on information concepts, retrieval & services). Morgan and
Claypool Publishers, 3, 2009.

100. B. M. Wildemuth and L. Freund. Assigning Search Tasks Designed to Elicit Exploratory
Search Behaviors. In Procs of the Symposium on Human-Computer Interaction and
Information Retrieval, HCIR ’12, pages 4:1–4:10, New York, NY, USA, 2012. ACM.

101. M. L. Wilson and M. C. Schraefel. Bridging the Gap: Using IR Models for Evaluating
Exploratory Search Interfaces. In SIGCHI 2007 Workshop on Exploratory Search and
HCI. ACM, April 2007.

102. Y. Yang and A. Lad. Modeling Expected Utility of Multi-session Information Distilla-
tion. In Procs of the 2nd Intern. Conf. on Theory of Information Retrieval: Advances
in Information Retrieval Theory (ICTIR’09), pages 164–175, Berlin, Heidelberg, 2009.
Springer-Verlag.

103. K.-P Yee, K. Swearingen, K. Li, and M. Hearst. Faceted Metadata for Image Search
and Browsing. In Procs of the SIGCHI Conf. on Human factors in Computing Systems,
pages 401–408, 2003.

104. E. Yilmaz, M. Shokouhi, N. Craswell, and S. Robertson. Expected Browsing Utility for
Web Search Evaluation. In Procs of the 19th ACM intern. conference on Information
and knowledge management (CIKM’10), pages 1561–1564, 2010.

105. C. X. Zhai, W. W. Cohen, and J. Lafferty. Beyond Independent Relevance: Methods and
Evaluation Metrics for Subtopic Retrieval. In Procs of the 26th Annual Intern. ACM
SIGIR Conf. on Research and Development in Informaion Retrieval (SIGIR’03), pages
10–17. ACM, 2003.

106. J. Zhang and G. Marchionini. Evaluation and Evolution of a Browse and Search Interface:
Relation Browser++. In Procs of the national conference on Digital government research
(DG. ’05). Digital Government Society of North America, 2005.


