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Abstract. One key issue of both Information Visualization as well as Adaptive
User Interfaces is information overload. While both disciplines have already
devised well performing algorithms, methods and applications, a real merging
has not taken place yet. Only a few attempts bring the surplus values of both
disciplines together, whereas a fine-grained investigation of visualization
parameterization is not investigated. Today’s systems focus either on the adap-
tation of visualization types or the parameterization of visualizations. This pa-
per presents a reference Model for Adaptive Visualization Systems (MAVS)
that allows the adaptation of both the visualization type and the visualization
parameterization. Based on this model, a framework for the adaptive visualiza-
tion of semantics data will be derived. A use case describing the interaction
with an "adaptive visualization cockpit" covering different visualization
metaphors concludes the paper.

Keywords: Adaptive Visualization, Information Visualization, Intelligent
Visualization, Visualization Reference Model, Ontology Visualization.

1 Introduction

Information overload is a well-known phenomenon in the current information age [1].
Different research areas face this phenomenon with their own methods and try to
reduce the interaction cost [2], cognitive overload [3] and information amount, using
content- and collaborative-based recommendation techniques. The community of
intelligent and adaptive systems investigates this problem with novel and promising
algorithms and techniques for user-, content- and activity analysis and adaptation. On
the other hand, the Information Visualization (IV) community develops appropriate
techniques for presenting information graphically.

For the community of IV, the way from data-oriented visualization to a more hu-
man-centered information presentation plays a key role. In 2007, one of the ten main
challenges for IV was the inclusion of semantics or contexts [4]. In the following
year, especially the human as an implication and decision factor for IV was placed in
the foreground of the research [1]. The increased involvement of user’s intentions and
preferences in the forming process of IV is also noticeable in the challenges and
scopes of Visual Analytics in 2008, where the adaptation of IV systems was pro-
claimed. Thus, one of the most important challenges is the development of “novel
interaction algorithms incorporating machine recognition of the actual user intent and
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appropriate adaptation of main display parameters such as the level of detail, data
selection, etc. by which the data is presented” ([5], p. 162).

Researchers in the field of Adaptive Systems [6] represent a similar position and
are increasingly recognizing the importance of the usage of visualization techniques
[7]. This research area disposes of a comprehensive pool of methods, systems and
algorithms for recognizing and analyzing user related information. With these meth-
ods Adaptive User Interfaces (AUISs) facilitate the handling with complex information
and support users during their work process [8]. Different existing systems e.g. intel-
ligent help systems [9], personalization of web page navigations [10] or command
line proposal lists [11] are already using these methods and tailor the user interface to
the given usage context. These methods and systems do mainly not refer to bridge the
gap between IVs and AUIs. Actually only a few attempts try to bring the areas of IV
and AUIs together [12]. These approaches focus either on the adaptation of the visu-
alization type, using a single set of parameters [13] or on the adaptation of visual
parameters of a single visualization type [7]. Despite the research in both areas, a
system or a reference model for adaptation of visualization types and their visual
parameters could not be found. Further the aspect of composing multiple visualiza-
tions [14] in adaptive systems is not investigated yet.

In this paper we introduce a reference Model for Adaptive Visualization Systems
(MAYVS) that provides the opportunity to adapt both the visualization type as well as
visual parameters. Beside a detailed description of the reference model we present an
implementation of the MAVS as a framework. Finally, we introduce an application
example that not only shows the adaptation based on an example but also opens new
research questions for the adaptation of visualizations.

The remaining paper is structured as followed: In the next section, the related work
is presented in three sections: Reference models, frameworks and applications. Af-
terward the reference model is described followed by a detailed description of its
implementation. An application example of the implemented framework concludes
the description of our work.

2 Related Work

The related work is sub-divided in three parts: 1) Reference Models will describe
existing work in an abstract level. 2) Frameworks will describe existing work on the
implementation of the reference models and 3) Applications will describe existing
systems that combine Adaptive Systems and Information Visualizations.

From the IV point of view Card et al. [15] have presented a general visualization
reference model, which has been applied successfully to different visualizations. This
model contains different phases that are needed for mapping and transforming raw
data into a visual representation. The user may control the way in which the data is
transformed, or mapped to visual structures. So the reference model focuses on the
creation of visualizations and does not investigate any kind of adaptations. Based on
the established reference model of Card et al. different extensions exist today [5,16],
which investigate different issues of visual data representation more in depth. An
extension with the investigation of a visual adaptation is only investigated by Aalto-
nen and Lehikoinen [17], who redefined the data table and visual structures of the
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original model. They incorporated rules into the data table and renamed it as context
table. In addition the visual structure was divided into layers (overlapping visual rep-
resentations). The main difference is the usage of rules for the context. These rules
consist of simple structured logical inferences and logical- and comparison operators.
The aspect of a user-centered or task-based adaptation in a context-free environment
(non-mobile) is not investigated.

The Information Visualization community provides a large set of frameworks for
visualizing information in different ways. The most famous is Prefuse introduced by
Heer et al. [18], a framework for creating dynamic visualizations of structured and
unstructured data, based on the visualization reference model of Card et al. [15]. All
existing frameworks support the development and creation of visualizations and are
often more a programming platform than a basis for adaptive visualizations. The issue
of automatic or semi-automatic adaptation is not investigated. The only framework,
we could find, which considers the aspect of adaptation is e-Viz [19]. Whereas e-Viz
addresses the modeling, scheduling and managing of visualization computational
tasks and rendering graphics. e-Vis does not provide a framework or reference model
for adaptation of visualization types and visualization parameters to meet the users’
demands.

To round out the related work concrete applications will be introduced in this part.
Applications are the most concrete alternatives to the described reference models and
frameworks and conclude the related work section. Already different approaches have
been proposed to support an automatic or semi-automatic adaptation of Uls. Cicero,
for example is a component-oriented architecture [19], where a central UI adaptation
manager is used. On the contrary agent-based environments [21], where UI models
are transformed and rendered into different platforms, adapt user interfaces to differ-
ent impact factors. The only applications that adapt the visualization to certain impact
factors, e.g. user interactions or user-goals are the following applications: Gotz and
Wen [13] analyze user interactions and extract behavioral-patterns that are used to
recommend different visualization types (Line Graph, Fan Lens, Parallel Coordinates
or Bar Charts) to the user. But a visualization type has always characteristics and
parameters, e.g. color of entities, order, size, layout etc., which can and should be
used for communicating designated information adaptively. On the contrary Ahn &
Brusilovsky are adapting visual parameters of a single visualization type and visualize
the user-specific relevance of a query [7]. In this case a single static visualization type
is used to represent the searched information.

The related work could point out that the number of existing adaptive visualiza-
tions is very limited and these approaches focus either on the adaptation of the visu-
alization type, using a single set of parameters or on the adaptation of the parameters
of a given single visualization type. Despite the research in both areas, a system or a
reference model for adaptation of visualization types and their parameters could not
be found. Further the aspect of composing multiple visualizations [14] in adaptive
systems is not investigated yet.



A Reference Model for Adaptive Visualization Systems 483

3 A Reference Model for Adaptive Visualization Systems

In this section, we present a Reference Model for Adaptive Visualization Systems
MAVS. The MAVS (Fig. 1) consists of three basic Components: Input, Adaptation
and Output.

These Components are composed by several modules, which are defined by
interfaces and show a unique behavior to their Component. Internally, there can be
different conformant implementations, allowing a very easy reuse. In the reference
model, we will assume that there is a toolbox of implementations available at runtime,
allowing the adaptation engine to select the best fitting one for a certain situation.
Additionally these modules can be configured by parameters. For instance these
parameters are defined by certain impact and influence factor, e.g. knowledge or
behavior of the user or the structure and amount of the underlying data.

Visualization

Output Component

[ ayout_J) Wgwnﬂ |%!

)

I Adaptation Component | II ;
Q Q User
1 e  —
3 :> Content ' Input Component Interaction ’ &
= Analysis Analysis
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Fig. 1. Reference Model for Adaptive Visualization Systems (MAVS)

The Input Component receives different inputs, which are used as implication fac-
tors for the Adaptation Component. It consists of two different modules, for analyzing
these factors: The Content Analysis Module prepares the underlying data for the vis-
ual presentation and extracts certain criterions and properties of the data for the Adap-
tation Component. The Interaction Analysis Module is responsible for extracting
information from different sensors about the user and prepares it for an appropriate
usage in the Adaptation Component.

The Adaptation Component receives information of the Input Component and adapts
several modules of the Output Component accordingly. This includes the selection of
the best fitting modules and their parameterization in the Output Component.

The Output Component consists of the three modules Semantics, Layout and Pres-
entation. The Semantics Module represents the structure of the data transformed for
visualization. Further it contains information about the amount and attributes of the
data. The Layout Module is responsible for placement and structuring the information
on screen (e.g. graph-layout). The Presentation Component holds certain visual pa-
rameters (e.g. color, size etc.) and provides them to the Layout Module. The instantia-
tion of these three modules together builds visualization for the user.
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4 The SemAdapt Framework

In this section, we present SemAdapt, a framework for adaptive visualizations based
on the concepts described above. This section will focus on the three components
input, output, and adaptation.

4.1 Input Component

The Input Component of SemAdapt receives two different impact factors for the visu-
alization adaptation and parameterization: User interactions and data.

Interaction Analysis: The main input component of SemAdapt is responsible for
capturing information about the individual user and to extract user information from
interaction events. These interaction events appear as natural consequence of the
visualization operation and are captured with different contextual information about
the interaction type, the layout method and the content. Altogether, an interaction
event has the form of a triple <type, layout, data>. For example a click with the
left mouse button on a graphical representation of the element Fraunhofer produces
the following triple

(device.mouse.button.left.click, semadapt.semap,
thing.organizations.research.appliedsciences.Fraunhofer)

The gathered user interactions serve as input for an instantiation of the Interaction
Analysis Module that extracts information about the user behavior. Based on a quanti-
tative analysis on different grades of abstraction, the instantiated module captures the
preferences of the user according to the input device, the visualization type and the
content [25]. Additionally, the module calculates predictions with the KO*/19-
Algorithm and detects user activities as recurring and similar interaction sequences
[26]. All this information about the user behavior is passed to the Adaptation Compo-
nent of SemAdapt to select a visualization type and an individual parameterization of
the output modules.

Content Analysis: Beside the user interactions, the data as input and impact factor
for the adaptation is considered in SemAdapt. The semantically annotated data can
contain geographic or time-dependent information, which is used to identify visuali-
zations that are able to visualize these factors in an appropriate way. Further the
amount of the data and its structure is considered. A high amount of ontological con-
cepts forces to choose a visualization that figures the hierarchy in an abstract way and
provides a higher-level of interactions with data. Beginning with a search in
knowledge domains, the data is analyzed in different steps building a hierarchy and
extracting the relevant attributes of data (e.g. timestamps and geographical attributes).
The procedure of the data analyzing is described in [27] in detail.

4.2 Adaptation Component

The adaptation component is the central component of the interactive system pre-
sented in this paper. In order to control the whole system, the adaptation component
has interfaces to all components and modules. It gathers information from the Input
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Component and transforms it for the Output Component. The gathered user informa-
tion are persisted in a three dimensional user model [28], that contains tables with
preference values for the activities, visualization types and contents.

The whole adaptation process is based on the (static) visualization capability model
and the (dynamic) user preferences model. For each visualization the visualization
capability model defines its ability to present certain data types (e.g. time-dependent
data or concept hierarchy), activities and additional features like time or spatial de-
pendent data. This model is static because the capabilities of a visualization are pre-
defined and do not change.

The adaptation of the Output Component is performed in two steps. In a first step,
based on the visualization capability model, the set of visualizations capable to pre-
sent the user preferences with respect to visualizations, content, and activities are
selected. In a second step, these visualizations are ordered according to the visualiza-
tion preferences of the user. Herewith, the adaptation engine defines the overall layout
of the User Interface as well as the parameters for each module in the Output Compo-
nent. For instance a certain visualization type, the SeMap [22] is chosen in the Layout
Module and the chosen visualization is parameterized (e.g. color, placement, size of
the icons etc.) with the Presentation Module.

4.3 Output Component

Visualizations can be described according to the following characteristics: what is
displayed, where is it displayed, and how is it displayed? Accordingly, each visualiza-
tion in SemAdapt implements the modules semantics (data), layout and presentation.

The semantics module (data module) defines which data is visualized. It contains
information about the data (what is the data about), its structure (e.g. hierarchy, in-
coming and outgoing relations) and amount. The main task of this module is to pa-
rameterize the data and provide the opportunity to adapt visualization in the lowest
level. In semantically annotated data this module has further the separation function-
ality of different abstraction level (e.g. concept and instance level). With the informa-
tion about data, data-related adaptation can be realized, e.g. content recommendation
or adaptation of level of details.

The layout module defines where and how the data will be visualized. Dependent
on the user preferences, different graphical metaphors like text, different graph-layout
algorithms may be chosen. For each metaphor, different layout algorithms like cone
tree or tree-map are provided. It should be noted that only the geometrical layout is
defined on this layer, but not yet the visual appearance.

The presentation module defines more precisely how the data will be presented. It
is the visual layer of the visualizations and parameterizes the visual look, by setting
e.g. the texture, color, or size. The input of the presentation is the geometry as calcu-
lated by the layout module. The output component of SemAdapt contains a set of
different visualizations. Each of these visualizations has its own pipeline of semantics
(data), layout and presentation. The visualizations are grouped into three categories:

General visualized components (GVCs) are abstracted visualizations and form the
UL GVCs are primarily responsible for the selection, placement and initialization of
visualization types in their layout layer. Their semantics layer separates the data from
the visualization. It decides which part of the data should be visualized with which
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visualization. The presentation layer is responsible for the separation of the visual
representations. It just decides which visualizations should have the same visual rep-
resentation. It is necessary e.g. for comparative visualization. Further the GVCs de-
cide the interactive connections between the visualization. If a user interacts with
visualization v1, should the visualization v2 react to the user interaction?

Semantics visualization components (SVCs) visualize the structure of the semantic
data and provide the possibility to interact. SVCs are the real visualization compo-
nents and consist of one or more visualization algorithms, e.g. force directed or con-
centric radial. While SVCs get their data from the Semantics Layer of the GVCs, their
own Semantics layer decides about the number, level-of-detail and ranking of the data
to be visualized. The layout of a SVC has different parameterizations, e.g. the cen-
tralization of a topic (in concentric radial) or the order of concepts (in SeMap [22]).
The presentation layer parameterizes the visual representation, e.g. by choosing colors
or sizes for the instances, relations and concepts.

®

SeMap SemaGraph HTML-viewer
(SVE) 15V (cve)

Fig. 1. Three-stepped adaptation of the output component

Content Visualization Components (CVCs) are responsible for the presentation of
the content referenced by the semantics. Examples for CVCs are pictures or HTML-
viewers. They are interactively coupled to one or more SVCs and inherit the seman-
tics, presentation and layout form theses coupled SVCs. The output component
provides a three-stepped adaptation of the visualization. The figure above shows these
three steps. In the first step the GVC provides a number of visualization types based
on the input and the adaptation component. In the figured case two SVCs (SeMap and
SemaGraph) and one CVC (HTML-viewer) are chosen by the GVC. In the next step
each of the chosen visualizations creates its own Layout and visualizes the same in-
formation in different abstraction levels. Therefore an adaptation of the Semantics
(content) and the Layout is performed. The last step adapts the visual representation
(Presentation layer) of the information. In the given case, size, order and color are
adapted and parameterized to the computed requirements of the user and data
respectively.
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Several visualizations for SemAdapt were already developed and are used for
adaptive visualization of semantically annotated data. These visualizations were in-
troduced in some of our previous works [14,22,23,24].

5 A SemAdapt Application Example

In this chapter we describe the functionality of the SemAdapt framework based on a
knowledge exploration example. Knowledge exploration is an important process for
adopting knowledge with information systems, whereas graphical representation of
the knowledge can help to optimize the learning process and reduce the cognitive
overload [14]. For evaluating the system with ground-truth data, we are using the
Freebase data base [8] extended with an own schema. Freebase contains open linked
data, which can easily be mapped to a formal data specification, whereas Domains are
the highest concepts (of an ontology), Types inherit from Domains, the individuals are
called Topics. The relations are defined as Properties. The starting point of our exam-
ple is the interaction of a user on a graphical representation of the concept Fraun-
hofer, which is analyzed in the Input Component as described above. This interaction
produces a search query on the freebase data base. The results are analyzed based on
the procedure described in [27].

. 2P = “# = Fraunhofer

Fig. 4. Example for Visualization Adaptation

The results are information about the data, its structure and the amount of results in
different semantics categories. Based on these results a set of visualizations is chosen,
that meets the requirements of the analyzed data. Further the interaction is analyzed in
a user-centered way based on the procedure described above. The results are a current
set of information about the user and the data, which is further compared with the user
model described in [28]. The result of the comparison is a table with scalar values for
the fitting of different visualization, abstracted data layer (ontological concepts) and
activities. Based on the computed values several visualization types and parameteriza-
tions are set, whereas a user interface may consist of more than one visualization [14].
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6 Conclusion and Future Work

In this paper a reference model and framework for adaptive visualization has been
presented with the following main innovative features. The overall conceptual model is
based on the distinction of three main components and herewith, supports perspectives
to adaptive visualization. In combination with the modular structure of the system's
conceptual architecture, this allows the goal-oriented adaptation of specific parts of the
system with appropriate level of detail. The user interface consists of a so-called visu-
alization cockpit, which integrates different visualizations, chosen and adapted accord-
ing to the user preferences. This concept supports both independent views as well as
user preferred interactions in closely coupled visualizations. SemAdapt, so far, focuses
on the adaptation of visualization type and its parameterization.

One main area of future research is the extension of the framework to handle raw
data and metadata. The cockpit concept will be extended so that different data types
can be visualized in parallel. Major aspects of future work are editing and annotation
and their synchronization along different data types. From an adaptation point of
view, this will lead to a substantial extension of both the user model as well as the
capability model. Another principal extension of SemAdapt will be the conceptualiza-
tion of adaptive visualization in Web 2.0, where user groups with different roles and
preferences view and edit in shared environments.
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