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Abstract

T his paper demonstrates the applicati on of graph drawing and
informati on visualisati on techniques to the visualisation of in-
formati on which can be modelled as an attri buted graph. An
attri buted graph can be used to model a wide range of dif-
ferent types of informati on, including system descripti ons and
database content. We propose the novel Composable Layouts
and Visual Sets (Cl ovis) class of views, and describe support-
ing software component infrastructure, including a user inter-
face for creating and interacting with Cl ovis views. A frame-
work for composing graph vertex layouts is presented, includ-
ing the division of responsibiliti es between the layout strategies
being composed and the mechanism for coordinating their ex-
ecution. Three broad classes of layout strategy are identi ed,
and opportuniti es for novel hybrid layouts highlighted. The
de niti on of sets of graph elements and the all ocation or over-
laying of disti ncti ve visual attri butes to members of the set are
combined under the notion of a visual set. A visual querying
mechanism for the allocation of graph elements to visual sets
and for the clustering of graph verti cesin preparati on for layout
composition is described. The versatili ty of the Clovis view
family is demonstrated through its application to a variety of
problem domains, and future research directions are identi ed.

Keywords. Database visualisation, attributed graph,
graph drawing, clustered graph, layout composition,
overlay, Tree Map.

1 Introduction

Graph visualisation and navigation techniques are
known to assist the user in exploring large datasets
which contain inherent relations among the data ele-
ments [Herman et al., 200Q. Examples of such data
include world-wide web and intranet pages, computer
and communication networks, software systems, so-
cial networks and distributed databases. Con-
ventional graph-drawing techniques typically scale
poorly with the number of vertices (data elements)
and edges due to the increasing layout computation
and decreasing resolution available on xed-sized dis-
plays. However, if we remove the requirement that
all information be displayed simultaneously, interac-
tive techniques such as navigation, elision, Itering,
searching, details on demand, and focus and context
approaches, which are common in information visual-
isation [Card et al., 1999, can be used to circumvent
these limitations (see e.g. [Fairchild et al., 1988 Eick
and Wills, 1993).
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Here we consider the use of graph drawing and in-
formation visualisation techniques for the exible vi-
sualisation of information which can be modelled as
an attributed graph. Despite its apparent simplicity,
an attributed graph can model a wide range of dif-
ferent types of information, including, for example,
system descriptions and database content. Informa-
tion about the entities, to which the graph vertices
correspond, and the relationships between them, to
which the graph edges correspond, is modelled as ver-
tex and edge attributes respectively. Although many
graph drawing techniques exploit the information in-
herent in the graph edges, graph visualisation tools
provide little or no support for the visualisation or
exploitation of vertex and edge attributes, beyond
perhaps the use of simple text labels. Furthermore,
graph drawing techniques often produce uninforma-
tive or unaesthetic results when applied to sparse
graphs, or to those lacking edges entirely. Yet datain
the latter category can be richly exploited by many
scienti ¢ and business data visualisation tools. Ver-
tex attributes are also the focus of database visual-
isation tools [Kolojechick et al., 1997 Olston et al.,
199§ although some tools in this class { such asi2 {
also include graph visualisation techniques. In short,
no single class of information visualisation tools or
techniques provides comprehensive support for the vi-
sualisation of information modelled as an attributed
graph.

In this paper, we present the Composable Lay-
outs and Visual Sets (Clovis) framework for the
visualisation of information which can be modelled
as an attributed graph. The framework provides for
the integration of a broad range of applicable infor-
mation visualisation techniques through the exible
composition of their layouts and the consistent treat-
ment of information overlays for the visualisation of
attributes. The user is thereby provided with the
freedom to simultaneously exploit the strengths of a
number of information visualisation techniques. Any
graph, database, scienti c data or other visualisation
technique whose underlying visual representation can
be viewed as a layout of the vertices of an attributed
graph can be accommodated by the framework, re-
gardless of how much or how litt le of the information
contained in thegraph isactually exploited by thelay-
out. This unifying model will be seen in Section 3.2.2
to suggest entire classes of potentially useful layout
techniques which have yet to be considered in the lit-
erature,

An examplevisualisation produced usingthe Cl o-
vis framework is provided in Figure 1. It depicts,
re exively, an overview of the component-based soft-
ware infrastructure which we have implemented to
prototype Cl ovis visualisation concepts. The nested
containers constitute a hierarchical viewing structure
which is superimposed on the underlying attributed
graph, whose vertices are the packages and classes of
the Java software, to facilitat e interactive exploration



through information visualisation techniques such as
drill-down, roll-up and semantic zoom. Further de-
scription of this view in terms of the concepts and
contributions described in Sections 2 and 3 is neces-
sarily deferred until Section 4.1.

CLOVIS

todelling

Figure 1. Cl ovis framework.

This paper is structured as follows. In Section 2,
the information visualisation concepts relevant to the
exible visualisation of information modelled as an
attributed graph arereviewed. In Section 3, the Cl o-
vis class of views and supporting software framework
are described. In Section 4, examples of the prelim-
inary validation of Clovis view concepts in several
application domains are presented. And nally, the
original contributions of this paper are summarised
in Section 5.

2 Flexible visualisation of attributed graphs

2.1 Attributed graphs

Datasets which can be modelled as multi-attributed
directed graphs arise for example from binary entity-
relationship databases. T he visualisation of such data
presents both opportunities and challenges for con-
ventional graph drawing approaches. Most obviously,
the presence of edge and vertex attributes increases
the amount, types, and possible combinations, of in-
formation which may need to be represented, while at
the same time o ering the means by which unwanted
graph elements can be Itered out. In addition, edge
attributes can be used to select a subset of the edges
for use in vertex layout, while vertex attributes can
be used to layout vertices by applying multidimen-
sional scaling to some measure of their similarities, or
mapped directly into vertex positions (see e.g. [Tufte,
1983 Fairchild et al., 1988 Olston et al., 199§). At-
tributes can also serve as the basis for preferential
treatment when att empting to minimise aesthetic im-
perfections such as vertex occlusions or edge cross-
ings. In short, the presence of attributes on graph
elements opens up many research questions in graph
visualisation which are not addressed in the graph
drawing literature. The Cl ovis framework presented
in this paper facilitat es the exploration of this prob-
lem space.

2.2 E cient traversal

The visual traversal of large graph-based data struc-
tures can be made more e cient by super-imposing a
viewing structure which has e cient traversal prop-
erties [Furnas, 1997. One such structure is the (ide-
ally balanced) tree, which can be super-imposed on a

graph by hierarchically clustering the nodes. Traver-
sal of the data can then be performed through nav-
igation of the corresponding cluster tree. The use
of a separate view for navigation of this cluster tree
is undesirable in that it both consumes valuable dis-
play real-estate and requires the shifting of attention
between it and the view of the original graph. A con-
ventional drawing of the cluster treein the same view
as the original graph would tend to defeat the god of
unclutt ering the view. This dilemma can be resolved
through the use of a Tree-Map [Johnson and Schnei-
derman, 1997 in which each rectangle, correspond-
ing to a non-leaf node of the cluster tree, serves as a
container for the display of not only the correspond-
ing sub-clusters, but also any leaf nodes, representing
the vertices of the original graph. In addition to the
inherent space e ciency of the Tree-Map, elision of
the content of clusters and the interactive choice of
a sub-tree for display could be used to reduce the
complexity of the display, as well as the computation
required for layout. Although the Tree-Map was orig-
inally conceived as a summary view for an entiretree,
the use of a Nested Tree-Map [Johnson and Schnei-
derman, 1991 would allow the user access to internal
nodes of the tree for the purposes of sub-tree explo-
ration and elision.

2.3 Generalised layout

The Tree-Map uses an alternating pattern of horizon-
tal and vertical linear layouts of rectangular contain-
ers. To improve the exibility and customisability of
the resultant display, at the expense of some space
e ciency, we propose here a generalisation of this ap-
proach in which: a greater choice of intra-container
layouts, including graph layouts, is available; each
container may use a di erent layout; and a greater
choice of shapes for leaf nodes is o0 ered. Given a
greater choice of intra-container layouts, those based
on the graph structure can be supplemented by those
{ such as scatterplots{ which re ect the attributes of
the graph vertices or edges. In addition, both struc-
ture and attributes might be ignored in the interest
of computational or space e ciency, especially in the
early stages of exploratory interaction with large data
sets. In caseswhere structure-based graph layoutsare
still appropriate, the godsof interactivity and compu-
tational scalability are also assisted by the divide-and-
conquer approach inherent in the use of per-container
layouts, since each such layout is typically applied
to a small sub-graph of the original graph. The use
of distinctive layouts for each container can provide
a pre-attentive visual cue to the distinction between
containers, which is in addition to container indenta-
tion and spacing. In some application domains, there
may also be\ natural" or conventional layouts for cer-
tain object types, such as a hierarchy tree for the
members of a department, a two-dimensional array
for image pixels, or alinear ( ow) layout for the mem-
bers of an ordered set. Similarly, the use of readily-
recognised shapesfor the vertices of theoriginal graph
can aid rapid comprehension, especially in application
domains for which there is a well-established symbol-
ogy.
The Cl ovis framework exploits these three gen-
eralisations to provide a powerful new class of views
based on the exible composition of vertex layouts.
The combinatorial variety of views in this class will
bene t both the exploratory data analyst, who val-
ues exibility in pursuit of an evolving understand-
ing of the data, and the operational user, for whom
a more tailored view can now be produced. Sup-
port for composable layoutsis provided by the Layout
Composition Framework (L CF), which isdescribed in
Section 3. The LCF is a component-based software



framework for exible layout composition in which
each layout isimplemented as a pluggable component.
The design and implementation of this framework
adapts and extends standard techniquesfrom the eld
of software user interface design, where the choice and
composition of layouts for user interface components
iscommonplace. In contrast, layout composition does
not appear to have been widely adopted in the graph
drawing literature, perhaps because of the need for
the apriori speci cation of the combination of lay-
outs to be used. Nevertheless, the drawing of com-
binatorial data structures using the composition of
tree, circular, spiral and linear layouts was supported
by the Adocs system [Bertault, 1995, while tree vi-
sualisation using per-subtree layouts is supported by
the Graph Visualisation Framework [Marshall et al.,
2004.

2.4 Clustering

Vertex clustering involves the allocation of the ver-
tices of a graph to sets on the basis of pre-speci ed
similarity criteria. These criteria may take account of
graph structure or vertex attributes [Herman et al.,
2000, spatial proximity in a given layout [Fairchild
et al., 1989, or even information not represented in
the graph [Herman et al., 200QJ. Once the clustering
criteria have been speci ed, a corresponding cluster-
ing algorithm can usually be designed and automated.

A hierarchically clustered graph is one in which
the vertices are assigned to sets{ or clusters { which
form a recursive partitioning of the set of vertices of
the graph. Although algorithms exist for drawing hi-
erarchically clustered graphs[Feng, 1997, they do not
address the problems of visual clutter and computa-
tional cost for large graphs, or provide for e cient in-
teractive traversal of the graph. Vertex clustering has
been used to reduce the visual complexity and layout
cost of graph drawings [Kimelman et al., 1994 Eick
and Wills, 1993 by reducing the number of vertices,
and hence also edges, to be displayed. The €elision of
cluster content used to achieve this reduction is also
amenable to interactive use, allowing drill-down and
roll-up through the tree representing the cluster hier-
archy (see e.g. [Huang and Eades, 1998). Elision of
the content of a cluster should result in the aggega
tion or albridgement [Huang and Eades, 1999 of the
edges incident on the vertices in the cluster, and the
association of these aggegate edges with the meta-
node { or in our case container { corresponding to
the abridged cluster. The container should then be
treated as any other vertex by a graph layout algo-
rithm, which sees only these abridged edges. Generic
extension of the concept of abridgement to the case
of attributed graphs will require the speci cation of
an appropriate strategy(s) for the fusion of edge and
vertex attributes.

Although hierarchical clustering serves as a conve-
nient starting point for explanation of our approach,
the treein question should properly be thought of as
describing the container nesting pattern used for lay-
out composition, rather than a cluster tree. Whilethe
user is free to specify (clustering criteria which result
in) an hierarchical clustering of the vertex set, there
isno requirement that it be hierarchical, nor that the
clusters be mutually exclusive. In order to preserve a
strictly hierarchical viewing structure, however, non-
hierarchical clusterings are accommodated by the du-
plication of leaf nodes in a manner analogaus to the
use of symbolic links in Unix le systems.

2.5 Knowledge Crystallisation

The users of an information visualisation system can
be caricatured as falling into two classes [Koloje-

jchick et al., 1997: the operational or executive user,
who interacts with largely pre-de ned views to an-
swer routine questions; and the exploratory data an-
alyst (EDA), whose views must be continuously tai-
lored to support an emerging understanding of the
data. In practice, however, there is a continuum of
user types between these two extremes. Visualisation
tools should be consciously positioned to support part
or parts of this continuum. Our prototype software
framework for Cl ovis views has focused initially on
the EDA end of the spectrum. Support for the exec-
utive user will be added incrementally, with a simpli-
ed user interface hiding low-level functionality and
supporting macros and intelligent user agents.

An important application of information visual-
isation at the EDA end of the spectrum is knowl-
edge crystallisation. In a knowledge crystallisation
task, \[...] a person gathers information for some
purpose, makes sense of it [...] by constructing a
representational framework [...], and then packages it
into some form for communication or action." [Card
et al., 1999. Having identi ed information which
may be of interest, and obtained it in the form of
an attributed graph, the user must nd a representa-
tional framework which is appropriate to the task at
hand. Note that although its organisation into an at-
tributed graph already constitutes a representational
framework, which may even be supplemented by the
schema of the database (if any) from which the data
are sourced, neither may be well-suited to the current
task.

Vertex clustering is one of a number of tools which
can beused in the search for arepresentational frame-
work. A suitable choice of clustering criteria is usu-
ally arrived at through an iterative process during the
sense-making stage, rather than being evident apriori.
Clustering support for knowledge crystallisation tasks
should therefore provide for the interactive selection
of the clustering algorithm and the speci cation of
its parameters. The LCF currently supports a exi-
ble querying approach to clustering, in which a cluster
is speci ed on the basis of an interactively speci ed
graph template which must be matched by each of
its members. This template takes into account ver-
tex and edge attributes, as well as graph structure.
In the future, other automated clustering approaches
should also be supported by the LCF.

Visual communication of the results of the sense-
making process relies on the construction of one or
more views which make explicit any relevant patterns
or other information identi ed in the data. ldenti -
cation of regularitiesin the data allows for the simpli-

cation of the problem space in support of decision-
making. The cognitive load on the decision-maker
can also be reduced by making explicit any infor-
mation which is relevant to the decision. For exam-
ple, if the path distance between vertices through the
attributed graph is signi cant, then a suitable visu-
alisation might be a multi-dimensional scaled repre-
sentation of path distance [Kamada, 1989, in which
the Euclidean distance between vertices approximates
the corresponding path distance. By the nature of
the knowledge crystallisation process, the patterns or
other relevant information, or the criteria for nding
them, cannot be speci ed apriori. Similarly, it is not
possible to choose in advance the relative priority of
various aesthetic criteria for the drawing of a relevant
sub-graph. Graph-based support for knowledge crys-
tallisation should therefore support experimentation
with arange of vertex layout algorithmsthrough their
interactive selection and customisation.



2.6 Visual sets

As part of the sense-making process, the exploratory
data analyst engaged in knowledge crystallisation
will typically need to query the data stored in the
attributed graph. The querying mechanism might
involve the stipulation of criteria which must be
matched by a speci ed vertex or edge attribute, and
return the set of matched vertices or edges. Alter-
natively, it might re-use the template-based query
mechanism { currently used by the LCF in the as-
signment of vertices to containers { to match larger
subgraphs. In order to support the visualisation of
the query results, while preserving the user's exist-
ing mental map of the data and avoiding the need to
shift attention toa di erent view, the Cl ovis frame-
work provides for the assignment of visual attributes
to the currently-displayed graph elements selected by
the query. Other than position, any visual attribute,
including size, shape, colour, texture, visibility and
label font attributes, can be speci ed either explicitly
or implicitly. The implicit speci cation of visual at-
tributes, through the speci cation of a mapping of the
selected graph attribute values onto visual appear-
ance, has been demonstrated in information visuali-
sation environments such as Datasplash [Olston et al.,
1999 and IV EE [Ahlberg and Wistrand, 1995. A set
of graph elements and an associated speci cation of
their visual appearance is referred to here as a visual
sd. In contrast, a collection in Visage [Kolojejchick
et al., 1997 corresponds to a set of graph elements
without an associated appearance speci cation.

The concept of visual sets extends the no-
tion of transparencies which are overlaid on maps,
radarscopes and other displays in two important re-
gards. Firstly, visual sets can specify visual attributes
such as size, shape and visibility which cannot be eas-
ily and independently changed by super-positioning
alone. And secondly, they permit ner control over
the combination of multiple \overlays'. Whereas
multiple overlays a ecting the same visual attribute
on the same graph element would typically produce
unappealing results, visual setsallow more exiblear-
bitration of such con icts, through for example the
use of a stacking order to determine which \over-
lay" should prevail. Furthermore, the accumulation
of overlays does not, for example, permit the selec-
tive highlighting of the intersection set of the graph
elements to which they are applied, which could help
to reduce visual clutter. In contrast, visual sets open
the way for arbitrary set-theoretic combinations of
the underlying graph element sets. Despite these dif-
ferences, however, there are a number of similarities
in the way overlays and visual sets are managed. For
example, both can be removed to control visual clut-
ter and later re-applied, or grouped to form compos-
ites. Tofacilitatethese and other manipulations, both
should also be named and hierarchically organised to
facilitate easy identi cation and access.

The generalisation of overlays to apply to at-
tributes such as size and shape comes at a cost. Since
changing these attributes can reduce the quality of
the current vertex layout by for example introducing
graph element occlusion, it may be necessary to rerun
the vertex layout algorithm(s) after one or more vi-
sual setsisactivated. Animation techniquesdescribed
in [Friedrich and Eades, 200Q are used to preservethe
user's mental map during the re-layout process by al-
lowing them to visually track the movement of each
node.

3 Composable Layouts and Visual Sets

In this section, we describe the use of composable lay-
outs and visual sets (Cl ovis) for the visualisation of

abstract information which can be modelled as an at-
tributed graph. Theimpaosition of a container tree as
a viewing structure on the attributed graph provides
for e cient navigation of the information it contains,
as required by the operational user. On the other
hand, the combinatorial variety of vertex-container
assignments, per-container layouts, visual set mem-
berships and associated appearances available for the
visualisation of a single graph o ers the high degree
of exibility demanded by the exploratory data ana-
lyst (EDA). Of course, the EDA will in general also
require access to, and coordination between, a variety
of non-Cl ovis visualisations, including such staples
as charts and tables. The integration of these vari-
ous view types into visualisation solutions which can
be rapidly prototyped and deployed is the subject of
the InVision project [Pattison et al., 20013 Pattison
et al., 2001b].

Prototype component-based software infrastruc-
ture has been developed within the InVision frame-
work to support the creation and exploration of Cl o-
vis visualisations. Its design emphasises support
for the exible de nition and customisation of views
rather than the optimal design of any individual view,
since suitable optimality criteria are often not known
in advance. The requirement for interactive informa-
tion visualisation, as opposed to batch-mode graph
drawing, has also lead to an emphasis on low compu-
tational complexity.

Section 3.1 describes the underlying attributed
graph model to be visualised. The Layout Compo-
sition Framework and visual set management tools
provided by the Cl ovis infrastructure are described
in Sections 3.2 and 3.3 respectively.

3.1 Attributed graph model

Each vertex of theattributed graph represents a mod-
eled entity, and each directed edge a relationship be-
tween entities. Information about the entities and
their relationshipsis stored as attributes on the corre-
sponding vertices and edges. Each attribute is typed
to facilitate sorting, querying, fusion and other oper-
ations on the graph elements. Each graph element {
vertex or edge { can have any number of attributes of
various types. The only mandatory attribute is the
meta-name, whose value controlsthe set of (other) at-
tributes allocated to that graph element. The unique
role of this attribute has lead some authorsto distin-
guish it with the title \label", and hence to refer to
the graph as a labelled attributed graph.

The data represented by this model could arise for
example from a binary entity-relationship database.
Accordingly, the attributed graph has an associated
meta-graph { the equivalent of a database schema
{ in which a single vertex (respectively edge) rep-
resents the set of graph vertices (respectively edges)
bearing its label as their meta-name attribute. This
meta-graph, which includes the speci cation of at-
tribute names and types, along with bounds on the
number of attributes and edges, constitutes a set of
constraints on the underlying attributed graph which
can be used both to provide for its e cient storage
and to validate its structure and content. Subgraphs
of the meta-graph, with attribute values specifying
regular expressions which must be matched by the
corresponding graph element attributes, also serve as
query templates to be matched by the graph.

A modelling framework which supports the cre-
ation, manipulation and querying of an attributed
graph has been developed to underpin the Clovis
component infrastructure. For both generality and
consistency with other meta modelling languages,
such as the Uni ed Modelling Language (UML), this
framework also supports additional features such as



meta-element inheritance, and edgesincident on other
edges. Discussion of these features is however beyond
the scope of this paper.

3.2 Layout Composition Framework

The Layout Composition Framework (LCF) is a
component-based software framework which supports
the creation and modi cation of highly exible and
customisable layouts of an attributed graph. Compo-
sition of layoutsis achieved through: the speci cation
of a hierarchy of containers which are to be displayed
nested, asin a Tree-Map [Johnson and Schneiderman,
1991]); the allocation of a layout strategy to each con-
tainer; and the allocation of graph verticesto contain-
ers. Thesethreetasksare performed during the sense-
making process of knowledge crystalllisation using the
layout composition speci cation editor, which will be
discussed shortly. Container indentation, asused in a
Nested Tree-Map, ensures direct manipulation access
to the internal nodes of this hierarchy, which will be
exploited for navigation and elision of the container
hierarchy. Although container indentation results in
a modest loss of screen real estate available for the
layout of graph vertices, this loss is expected to be
more than compensated by the increased freedom to
choose what is displayed.

3.2.1 Layout composition tree

The hierarchy of containers can be modelled as a lay-
out composition tree, whose leaf nodes correspond to
visible graph vertices and whose non-leaf nodes cor-
respond to containers. In order to simplify both the
implementation and discussion of this tree, we note
that a visible graph vertex can be thought of as an
empty, visible container with a \ null" layout for its
(non-existent) contents. Each node of the tree spec-
i es a layout rule, which dictates the appearance of
the corresponding container and the layout of its con-
tents. In order to avoid having to individually spec-
ify identical layout rules for a set of sibling containers
which are to be assigned the same appearance and
layout, a suitable shorthand notation is warranted.
The LCF provides this shorthand for the case where
a container is to be generated for each vertex in the
result set of a query, speci ed by a sdection expes
sion, on the attributed graph. For this purpose, each
layout rule is augmented with a selection expression,
the result set of which can be optionally fused into
a single, synthetic vertex if only a single container is
required.

To illustrate the application of this shorthand no-
tation, consider the case of an attributed graph which
modelsthe lesystem of a computer, and has vertices
with the meta-names\ |e€" and \ directory". A single
layout rule with a selection expression based on the
\'sub-directory” edges from the \directory" vertices
can be used to generate containers with identical lay-
out and appearance corresponding to the subdirecto-
ries of a speci ed directory. In a smilar model which
containsonly \ le" vertices, a single container for the
contents of the directory of interest could be created
using a layout rule with a selection expression based
on the \ pathname" attribute of these\ le" vertices.
Here the fusion option would be chosen in order to
produce a single container. Elision of the contents of
this directory would be achieved by failing to specify
any subordinate layout rules.

Since the selection set of a parent layout rule can
be copied to its children at no cost, the use of selec-
tion expressions in all layout rules neither imposes
unnecessary query evaluation e ort nor restricts the
range of layouts which can be speci ed. It does, how-
ever, provide the means by which the e ciency of

query evaluation, and the economy of speci cation ef-
fort, can be increased, by allowing the user to specify
shared partial queries once in an ancestor layout rule,
rather than multipletimesin itsdescendants. Evalua-
tion e ciency isalsoincreased by explicitly anchoring
one or more meta-vertices of the selection expression
in the selection set of the parent layout rule, sincethe
number of potential matches for each anchored ver-
tex isreduced by the ratio of the size of the selection
set to the total number of vertices in the attributed
graph. If none of the anchored meta-vertices matches
the selection set, then the result set must be empty
and evaluation need proceed no further.

The layout composition speci cation editor shown
in Figure 2 consists of the layout composition tree
(left) and the layout rule customise (right). Each

Figure 2: Layout composition speci cation window.

node in the tree contains a layout rule for the corre-
sponding container, the details of which are speci ed
in the right-hand panel of Figure 2. The layout strat-
egy for the selected layout rule is chosen by select-
ing the appropriate tab in the layout rule customiser,
and its parameters speci ed using the layout strat-
egy customiser in the corresponding tab pane. In the
example in Figure 2, the details of the \ Messages"
rule, corresponding to the array layout of triangular
objects in the Cl ovis view of Figure 3, are shown.
An array layout strategy has been selected, and the
array width and vertex spacing speci ed. Theinter-
ested reader is referred to Section 4.2 for an expla-
nation of the content and application of the Cl ovis
view in Figure 3. Other application examples are also
included in Section 4.

The\ Selection" button in Figure 2 invokes the se-
lection expression editor shown in Figure 4, which
facilitates the construction, by direct manipulation,
of a subgraph of the meta-graph to be used as a
query template. The vertices, edges and attributes
of the meta-graph listed in the left-hand panel of Fig-
ure 4 can be dragged and dropped into the selection
expression canvas on the right. The selection ex-
pression is matched aganst the underlying attributed
graph, and for each match, the graph vertices cor-
responding to the checked meta-vertices are placed
in the selection set of the current layout rule. In
this example, the selection expression will match ver-
ticeshaving the meta-name\ message”, the\ channel"
attribute \VOICE", \DATA", \DI CE_Link" or \To
Controller", and which are connected to vertices hav-
ing the meta-name \root" by a directed edge having
the meta-name \ contains'.

The layout composition speci cation dictates a
clustering of a subset of the vertex set which, de-
spiteitstree structure, need not be hierarchical. Sib-
ling containers are not required to make mutually ex-
clusive selections, and a container is not required to
select a subset of its parent's selection. One conse-
quence of these relaxations is that the same vertex



Figure 3: Cl ovis view of message tra c.

Figure 4: Selection expression editor window.

can be represented in multiple containers. In this
case, vertex duplication is used to preserve the con-
tainer hierarchy, and hence also the two-pass layout
approach to be discussed shortly.

Sincethe user isfreeto de nean hierarchical clus-
tering if required, the set of possible Cl ovis views
subsumes clustered graph layouts. The visualisation
of adirectory structureis an example of an hierarchi-
cal clustering in which the selection set for the direc-
tory container { asingle\directory" vertex { isnever-
theless not a superset of the selection set { consisting
of \ le" vertices{ for the subordinate container which
holds its non-directory contents. This freedom, to se-
lect any set of graph vertices which are reachable by
an undirected path through the attributed graph from
the selection set of the parent layout rule, can be ex-
ploited to produce non-hierarchical clusterings. Only
in cases where the attributed graph is disconnected

is this approach more restrictive than that used in
Datasplash [Olston et al., 1998, for example, where
any vertex can be allocated to a container.

3.2.2 Layout strategies

The layout of the contents of a container is deter-
mined by alayout strategy, which is selected by choos-
ing atab in the layout rule customiser shown at right
in Figure2. Theterm \ layout strategy" acknowledges
the\ strategies' software patt ern which is common in
user interface design. To illustrate the variety of lay-
outs supported by the Layout Composition Frame-
work, we classify existing layouts into one of three
categories: graph, attribute or blind.

A graph layout re ects or is derived from the
graph structure rather than the vertex or edge at-
tributes. The LCF subsumes conventional graph
drawings, since the user is free to de ne a single con-
tainer with a graph layout involving all of the graph
elements. However, the computational complexity of
graph layouts (which may be O(n?) or O(nlogn) for n
vertices) istypically o set by thereduction in the size
n of thevertex set towhich it isapplied. For example,
the graph layout in Figure 3isapplied only to thered
vertices, which correspond to the communicating en-
titiesin a simulation of a military messaging system.
In the prototype Cl ovis implementation, graph lay-
outs make use of the edges, if any, which are included
by one or more currently-visible visual sets.

An attribute layout is based on the vertex at-
tributes. A scatterplot (see e.g. [Tufte, 1983) with-
out axesis an example of an attribute layout for nu-
merical attributes. Similarly, ordinal attributes could
be used to create an array in which not necessar-
ily all cells are occupied by vertices of the original
graph. An attribute layout typically has linear com-
plexity, although more complex layouts in this class
are also possible, such as those based on multidimen-
sional scaling of a \distance" measure representing



inter-vertex attribute dissimilarities.

A blind layout ignores both the structure and at-
tributes of the attributed graph, and lays out the ver-
tices according to a pre-determined but usually regu-
lar pattern, such as a (linear) ow, array or circular
arrangement. For example, the alternation of hori-
zontal and vertical ow layouts at successive levels
of the layout composition tree produces a loose ap-
proximation to a Nested Tree-Map. Thisthird layout
category primarily includes layouts which have com-
putational complexity linear in the number of ver-
ticesto belaid out, and hence are more scalable than
graph layouts. A random layout would also fall into
this category. Many blind layouts also have linear
spatial complexity (or inverselinear resolution), while
still guaranteeing that vertex occlusion will not occur.
This compactness is especially valuable for summary
views of a large number of vertices, such asthetrian-
gular \ message" vertices in Figure 3. The compact-
ness of many blind layouts should be contrasted with
the relatively ine cient use of space in conventional
graph drawing, as bemoaned in [Johnson and Schnei-
derman, 1991. Nevertheless, this category also in-
cludes some layouts with poor computational or spa-
tial complexity. For example, a circumferential layout
requires the use of suitable heuristics in order to give
reasonable results in linear time (see e.g. [Melancon
and Herman, 1998 di Battista et al., 1999), and has
guadratic space complexity.

Distinguishing between the graph, attribute and
blind layout categories has served toillustrate the va-
riety of existing layouts which are currently or read-
ily supported by the Layout Composition Framework
(LCF). However, the LCF does not preclude the use
of hybrids of these categories, or even layouts which
fall outside of the categories. Entire classes of lay-
outs not previously considered in the literature are
therefore possible, such as graph layouts which pri-
oritise the removal of edge crossings on the basis of
edge attributes.

Each layout strategy is implemented in the LCF
as a software component, which can be plugged in as
required at either compile or run time. Each strat-
egy has a corresponding tab in the layout composi-
tion speci cation window, and a layout strategy cus-
tomiser in the associated tab pane, as shown in Fig-
ure 2. Consequently, the choice of layout strategy for
a given container is independent of that for all other
containers. In the following sub-section, we discuss
how the actions performed by the layout strategies
assigned to each container are coordinated to produce
the resultant Cl ovis view.

3.2.3 Layout coordination

In the case of the Tree-Map, the relative area to
be occupied by each tree node is pre-speci ed by
the data, such as le size, which it represents. The
generalisation of container layouts supported by the
Cl ovis infrastructure necessitat es an additional pass
through the tree, during which containers and ver-
tices bid for the space they require. Space allocation
is then performed during the second pass, with con-
tainers having to \ make do" with the space allocated
to them. Further iterations of the bidding-allocation
cycle could potentially result in more e cient use of
the available space. For example, given insu cient
space by the rst round of allocations, a container
might choose to €elide its contents and revise its bid
accordingly during a third pass; a fourth pass would
then re-allocate the real-estate freed up by this €li-
sion. However, in order to retain interactivity when
scaling up the LCF approach to large data sets, we
have chosen not to pursue this option.

During the layout of a Cl ovis view, the layout
strategy for each container is responsible for:

Pass 1 optionally askingits child containersfor their
preferred size given the speci ed maximum
size of the root container, and reporting its
own preferred size to its parent (if any)

Pass 2 laying out its own content, notifying its child
containers of their allocated size and posi-
tion, and triggering them to lay out their
content.

The root container, corresponding to the root node
of the layout composition tree, is the outermost con-
tainer in a Cl ovis layout. Passes 1 and 2 are trig-
gered, respectively, by asking the root container for
its preferred size and, upon receiving the answer, trig-
gering its layout. The maximum permissible size of
the root container is speci ed in advance, and the
minimum of this and its preferred size is used in the
second pass.

Container layouts must be calculated in each pass
{ rst to determine the preferred container size and
then to perform the actual layout. For containers
which are granted less than their preferred size, the
area granted to them could be used as a window onto
a larger underlying canvas, in the style of Datasplash
portals. The current implementation of the LCF is
based on two-dimensional views, although the nesting
of containers with individualised layouts extends nat-
urally to 3D. Each layout strategy should be respon-
sible for its own extension to 3D, since while many
layouts, such as the array, generalise readily to ac-
commodate the third dimension, others, such as a
text layout, may need special consideration.

3.3 Visual Sets

Each layout rule selects a subset of the graph ver-
tices and, in addition to specifying a layout strat-
egy, assigns an appearance to the corresponding con-
tainer(s). The ability to assign a distinctive appear-
ancetotheresult set of avisually formulated query on
the attributed graph provides a potentially powerful
mechanism for the visual exploration of the informa-
tion it represents. The realisation of this potential
requires the extension of this visual querying facility
beyond the layout phase of the visualisation, and the
inclusion of graph edgesin query result sets. In Cl o-
vis visualisations, this extension is built on the use of
visual sets.

Aspreviously noted, avisual seé isa set of vertices
or edges of the attributed graph and a speci cation
of their appearance. Membership of a visual set is
speci ed implicitly through the use of a query on the
attributed graph, with the option to constrain the
result set in advance through direct manipulation se-
lection. With the exception of position, any aspects
of the appearance of a vertex or edge can be speci ed
in any combination for a visual set.

Visual sets are de ned in the Cl ovis prototype
infrastructure using the Features panel shown on the
left of Figurel. Thevertex or edge att ribute on which
membership of the visual set isto be based is selected
from the tree view of the meta-graph in the top half
of the panel. The mapping of thisattributeto the ap-
pearance of the corresponding graph elementsisthen
speci ed using the pattern and style speci cation ta-
bles shown in the middle and lower half of the \ Fea-
tures' pand respectively. Each row of the pattern
speci cation table corresponds to a separate visual
set, de ning a pattern to be matched by the selected
attribute for each graph element in the set, and the
visual style to be assigned to the matched graph ele-
ments. If no pattern is speci ed, all elements bearing



the selected attribute are a ected by the correspond-
ing style. If more than one row is speci ed in the
pattern speci cation table, it is convenient for some
purposes to treat the corresponding collection of vi-
sual sets as a single, compound visual set. The visual
style to be applied to the members of a visual set is
speci ed using the style speci cation table, and the
resultant speci cation indicated in shorthand in the
right-hand column of the pattern speci cation table.

The pattern and style speci cation tables together
provide a exible user interface for the exploration
of the large range of possible mappings between at-
tribute values and visual appearance. For example,
a mapping of temperature to colour can be speci ed
using a series of rows in the pattern speci cation ta-
ble, each of which matches a di erent temperature
range and assigns the corresponding colour. There
is nevertheless considerable scope for the addition of
shorthand mechanisms for the speci cation of such
mappings, especially where numerical attributes are
to be mapped onto nely-quantised values for visual
attributes such as size or intensity.

Since multiple visual sets can be de ned for the
sameview, the Cl ovis infrastructure provides a num-
ber of facilities which assist the user with their man-
agement. These facilities include allowing the user to
specify descriptive names for each visual set, re-order
the list, delete those which are no longer required,
and turn each on and o . The left-hand \ Overlays®
panel in Figure 3 displays the list of overlays de ned
for the corresponding view on the right. Replace
ment of this list with a tree in a future extension of
our prototype Clovis implementation would facili-
tate the management and navigation of larger col-
lections of visual sets, which would be organised hi-
erarchically and labeled according to the line of en-
quiry being pursued. For example, the multiple vi-
sual sets de ned in the above example to achieve the
temperature-colour mapping would be grouped under
a single parent node.

The process of constructing complex queries is
rarely achieved in asingle step. The exploratory data
analyst will typically build increasingly sophisticated
versions of one or more queries astheir understanding
of the data set evolves. Even in cases where the ob-
jective is clearly stated in advance, a user may wish
to view intermediate results in order to ensure that
the completed query will meet that objective. Vi-
sual sets o er this feedback in an easily-assimilated
visual form. In Figure 3, for example, three sepa-
rate visual sets have been applied to the orange tri-
angles on the left of the view: a blue I, a circular
shape with magenta outline, and a tooltip. Members
of the intersection set of the rst two are readily ap-
parent as blue hexagans with magenta outline. If this
set is of interest, it can be targeted more selectively
and highlighted more e ectively by de ning a new
visual set which logically AND s the two correspond-
ing queries. Alternatively, the two visual sets could
be combined set-theoretically, with the user specify-
ing how the appearance of the resultant visual set
should bederived from that of itsconstituents. Imple-
mentation of this option within the prototype Cl o-
vis framework would automate the otherwise manual
process of re-specifying and logically combining the
underlying queries. Of course, the combination of vi-
sual setsis not limited to the intersection set, which
corresponds to the logical AND of the corresponding
queries. any Boolean combination of queries corre-
spondsto a suitable set-theoretic combination of their
respective result sets.

In some applications it may be important to place
the result of a complex query in the context of in-
termediate results. For example, Figure 3 shows an
intersection set in the context of the two individual

sets, allowing set size and membership comparisons.
At rst glance, there would seem to be a combinato-
rial space of possibilities for the simultaneous display
of theseintermediateresults. However, several factors
conspire to limit the amount of contextual informa-
tion which can be e ectively displayed. Firstly, two
or more overlapping visual sets should not attempt
to dictate con icting settings for the same visual at-
tribute. Secondly, some attributes are less salient
than othersto the pre-attentive vision, potentially re-
quiring the user toresort to a visual search to identify
set membership. And thirdly, the visual attributes
available for use are not necessarily perceptually \or-
thoganal”; for example, the choice of colour can a ect
the perception of size.

In cases where the size, shape or visibility of graph
vertices or edges changesasaresult of the application
of avisual set, the layout of a Cl ovis view may need
to be updated at the user's discretion. Automated
recognition of the need for a layout update, combined
with the current animation of the layout changes re-
sulting from the update, would assist the user in con-
centrating on the task at hand and preserving their
mental map.

3.4 Summary

The exibility of Composable Layout and Visual Set
(Cl ovis) views arises from:

1. the large number of possible layout composition
trees, including choices of

allocation of vertices to containers

container layout (layout type and parameter
choice)

layout composition tree structure
edge sets for use in graph layouts

2. the large number of possible visual sets, including
choices of

query-based set membership criteria
visual appearance

A description of each of these variables, and the in-
terface through which they are speci ed, has been
provided in this section.

The approach taken by the Layout Composition
Framework to the reduction of computational and
space complexity for the layout of attributed graphs
has also been described. This approach involves a
combination of divide-and-conquer, the use of com-
pact, low-cost layouts where appropriate, an e cient
two-pass layout algorithm, and elision of unwanted
detalil.

4 Applications

In thissection, the versatility of the Cl ovis view fam-
ily is demonstrated through its application to the vi-
sualisation of a component-based software architec-
ture, simulated messagetra c, and importation pat-
terns among Java classes.

4.1 Clovis component infrastructure

Figure 1 provides an overview of the component-based
software infrastructure which we have implemented to
prototype Cl ovis view concepts. Thisinfrastructure
forms part of the InVision framework for the rapid
assembly and deployment of information visualisation
solutions. Further detail on the gods and outcomes of
the InVision project can be found in [Pattison et al.,
200D, Pattison et al., 20014.



The view in Figure 1 was designed to meet the
requirement of a software developer or integrator for
an accurate and up-to-date architectural description
of the Cl ovis component infrastructure, which not
only shows logical design structure but also imple-
mented code elements. The attributed graph data
model on which the view is based was obtained by
parsing the Java source code of the InVision com-
ponent infrastructure for its package and class struc-
ture. The components and their composition are rep-
resented in Figure 1 by the containersand the pattern
of their nesting, respectively. The containers, shown
as rectangles with rounded corners, are colour-coded
to facilitate the rapid appreciation and comparison
of nesting depth. The classes, many of which are
JavaBean components, are shown as white hexagms.
Their allocation to containersis achieved using selec-
tion expressions which Iter on the\ name" attribute
of the \ package" vertices to which they are attached
by a \contains' relation. The directed importation
relationships of the LayoutRule class are overlaid as
a visual set.

The Cl ovis prototyping infrastructure consists of
the following componentsin Figure 1. The Modelling
framework supports the instantiation and manage-
ment of the attributed graph to bevisualised. Among
its components is the Query framework, which pro-
vides for the speci cation and execution of queries on
the graph. The Cl ovis framework, a component of
the Views framework, includes the Layout Composi-
tion Framework (L CF) described in Section 3.2, and
the user interface for speci cation of the layout com-
position tree. The LCF incorporates layout coordina-
tion and plugin layout strategy components. Visual
sets are implemented by the Overlays component of
the Views framework, with the Overlay Management
component of the User Environment framework pro-
viding for their speci cation and management. The
Views framework is responsible for the coordination
and integration of the various views, including the
Cl ovis view, supported by InVision.

4.2 Message tra c

Figure 3 shows the communicating entities, the mes-
sages exchanged between them, and each 100-second
timeinterval during the simulation of a military mes-
saging system. The communicating entities are rep-
resented as red hexagms, and are laid out using a
spring-embedder graph layout based on the commu-
nication relations between them. In the magni ed
lens window, a message-count attribute can be seen
overlaid on one of these edges. The direction of the
magni ed edge reveals that the \ Pilot" entity sends
messages to the \ Controller”, but receives none in
return. The messages and simulation intervals are
shown as orange triangles and green cylinders respec-
tively, and are arranged in separate containers with
array layouts. The messages sent to the blue \ Con-
troller" entity are assigned a corresponding blue 1l
by a visual set which selects edges with the meta-
name \ messages from_me", and applies the speci ed
visual style to the vertices on which they terminate.
Similarly, the messages transmitt ed during the pink
interval are shown as ovalswith a pink outline. There
are three messages (blue ovals) in the intersection of
these two visual sets. The content of one of these
messages is shown in a tooltip overlay.

4.3 Software structure

Figure 5 presents a Cl ovis view of the Java-based
InVision software framework. The classes, shown as
hexagms, are assigned to columns on the basis of the
importation relations between them, such that if class

A imports class B, then class B is either in the same
column or totheright of A. Themore highly imported
classes are thereby \ pushed" to theright. Classes be-
longing to one or more overlapping importation cycles
are allocated to contiguous rows of the same column,
and assigned an orange Il. Thedirected importation
relations for the \I veWindow" class are overlaid in
blue. One of these pointsto a class which is part of a
cluster of overlapping cyclesinvolving classesfrom the
Cl ovisview software. The pattern of importation re-
lationsamong the classesin thiscluster is shown using
a spring-embedder graph layout in a linked Cl ovis
view. This view con rms the presence of multiple
importation cycles, which form indivisible units from
the point of view of code re-use, and identi es the
\ ClovisModel" class as central.

Figure 5. Cl ovis views of Java-based software.

In past work involving the development and de-
ployment of the SeeADA [Vernik, 199§ software visu-
alisation tool at a large Defence software contractor,
the map-like, \coastal" outline and \to pographic"
features of this view provided convenient landmarks
aganst which day-to-day changes in software struc-
ture were readily identi ed by the user.

4.4 Summary

In this section, the versatility of the Cl ovis view and
of theunderlying attributed graph information model
has been demonstrated through a series of case stud-
ies showing its application in a variety of problem
domains. The ease with which these example views
were prepared through the user interface furthermore
con rms the utility of the InVision infrastructure for
the rapid prototyping of views in the Cl ovis view
family.

5 Conclusion

In thispaper we have presented the Cl ovis view fam-
ily for visualising information which can be modelled
as an attributed graph. A user interface for creat-
ing and interacting with Cl ovis views has been de-
scribed, and the supporting InVision component in-
frastructure outlined. A framework for composing
layouts has been presented, including the responsi-
bilities of the layout strategy and the mechanism for
coordinating the execution of layouts. The versatil-
ity of the Cl ovis view family was demonstrated in
Section 4 through its application to a variety of prob-
lem domains, and future research directionsidenti ed
throughout the paper.
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