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Abstract

In a world where information is one of the most important resources, dynamic exploration of large
information structures is becoming more and more important. Visualising information as graphs and
providing the possibility to browse them is one possibility to make this task easier. This thesis de-
scribes a new graph drawing approach, combining both static and dynamic graph drawing algorithms.

The static graph drawing algorithm is based on the hierarchical drawing approach introduced by
Sugiyama and places nodes on concentric circles around a focused node. The user can browse by
changing the focus, which causes a change in the layout of the graph. The transition from the old to
the new layout is smoothly animated using a dynamic graph drawing algorithm which moves clusters
of nodes as rigid objects. This approach, which has been integrated into an existing graph drawing
package calledMFGraph (Java Modular Framework for Graph Drawing$ explained in detail. A
modular overview of IMFGraph and a user guide complete the thesis.



Kurzfassung

In einer Welt in der Information eines der wichtigstefitér ist, kommt auch dem dynamischen
Erforschen von groRen Informationsstrukturen eine imm@a&gre Bedeutung zu. Die Visualisierung
von Information mit Hilfe von Graphen und die Bereitstellung dedgiichkeit einer interaktiven
Besichtigung ist eine Kiglichkeit diese Aufgabe zu vereinfachen. Diese Diplomarbeit beschreibt ein
neues Verfahrenif die Darstellung von Graphen, das aus einer Kombination eines statischen und
eines dynamischen Algorithmus besteht.

Der statische Algorithmus basiert auf Sugiyamas hierarchischem Verfalmreief Darstellung
von Graphen und ordnet Knoten auf konzentrischen Kreisen rings um einen fokussierten Knoten an.
Der Benutzer kann durch Vé@ndern des Fokus durch den Graphen navigieren, was eidg@adfer
rung des Layouts zur Folge hat. Um débergang vom alten zum neuen Layout zu animieren wird
ein dynamischer Algorithmus verwendet, der Gruppen von Knoten als feste Objekte bewegt. Dieses
Verfahren, welches in ein bereits bestehendes Graphenzeichenpaket mit dem Namen JMFGraph inte-
griert wurde, wird im Detail beschrieben. Bisberblick iiber die einzelnen Module von JMFGraph
und ein Benutzerhandbuch vervoliatligen die Diplomarbeit.
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Chapter 1

Introduction

In this thesis a new graph drawing approach is presented, which can be used to dynamically explore
very large graphs. It consists of a new static layout algorithm and a dynamic graph drawing algorithm

which smoothly animates transitions between layouts. This approach is integrated into an existing
framework for graph drawing calletMFGraph (Java Modular Framework for Graph Drawing)

Chapter2 provides an introduction to graph drawing. Basic definitions concerning graph theory
and graph drawing are summarised and a survey on existing static graph drawing approaches is given.

In Chapter3, the dynamic graph drawing approach is introduced. It focuses on methods to create
smooth transitions between layouts rather than creating very similar layouts without many changes.
The important termmental mags explained and it is shown how clustering can help to improve the
results of dynamic approaches.

Chapter4 surveys existing packages and applications in the field of static and dynamic graph
drawing. It also summarises existing file formats for storing graphs.

The JMFGraph framework, upon which this thesis was built, is introduced in Chaptéhe
functions of its many modules are described. Modifications and extensions to the basic framework
which were incorporated during this work are also described.

Chapter6 describes the first part of the new graph drawing approach. An existing dynamic graph
drawing technique is adapted for layered drawings. A clustering method is introduced for grouping
nodes performing similar transitions. Also the user interface for controlling the dynamic approach
and screenshots of example transitions are given.

In Chapter7, a new Sugiyama-style layout algorithm, the second part of the new graph drawing
approach, is introduced. All its steps, including the last step, which places nodes on concentric circles,
and has never been used before in this combination, are described in detail. The drawing approach is
also compared with circular tree drawing methods. Furthermore, its user interface and some example
layouts are shown.

Other new functions, which have been integrated into JMFGraph, are summarised in Ghapter
It includes the description of a new parser for handling GraphML files, the usage of Lagrange curves
for representing edges with control nodes, and the export module for exporting graph layouts to SVG
files.

An outlook to future trends concerning graph drawing is given in Ch&otalso ideas for further
improvements to JMFGraph are discussed.

AppendixA contains a user guide to JMFGraph. It explains the functions of all user interface
dialogues and lists all keyboard shortcuts and possible mouse interactions.



Chapter 2

Graph Drawing

Graphsrepresent information which should be conveyed to the viewer through drawing. The better
the information is structured, and the better the drawing is arranged, the more information can be
conveyed. The way graphs are drawn is the key to bringing as much information as possible to the
user. While good layouts can help to filter out the information quickly, bad layouts (for example with
many edge crossings) can make it very hard to see what is being represented.

Every information structure consisting of linked objects can be represented by graphs. Objects are
represented asodesandedgesepresent connections between them. Figuieshows a drawing of
London’s tube map. If this map were to be represented by a graph, the stations would be represented
by nodes and the tube lines by edges. Since the lines do not have distinct directions, undirected edges
would be used. A graph with directed edges is shown in Figu2e It shows the evolution of the
Unix operating system.

As can be imagined there is a wealth of different possibilities for using graphs for visualisation.
The most common applications fgraph drawingin general are visualising process flow diagrams,
the architecture of modules in software projects, linked computers in a network, and so on. Different
kinds of information are represented by different kinds of graphs. Different kinds of graphs need
different kinds of drawing algorithms.

After introducing basic definitions of graph theory, this chapter explains certain characteristics of
graph drawing. Then the most important static graph drawing approaches are presented. A compre-
hensive book on graph theory idgr73. [dBETT99, [KW01] and [Sug03 give good surveys about
graph drawing methods.

2.1 Graph Theory

First of all, some mathematical definitions of graphs and their properties have to be made. Basic
definitions concerning graph theory can be founddaf73. However, P BETT99 describes a graph

as it can be found in all graph drawing literature, as a tdple- (V, E'), whereV is a finite set of
vertices which are also calledodesandF is a finite set okedges Every edge is itself an unordered
paire = (u,v) of two vertices. Har77 definesadjacencyas the property of two verticas andv

which are connected by an edge. The eelg@self is calledincidentto its nodes: andv. The number

of edges incident to a certain node is calleddlegreeof this node.

If two vertices are connected by more than one edge this is caftedtaedge A self-loopdefines
an edge which connects a point with itself. If a graph does not contain multi edges and self-loops it
is called asimple graph
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Figure 2.1: Screenshot of London’s tube map availabl@abeGuruyLon04. A tube map is a
good example of a possible application of graph drawing. Stations would be represented
by nodes and the tube lines by undirected edges.

Figure 2.2: Example of a directed graph showing the evolution of the Unix operating system.
The layout was generated using the batch graph drawing@ghviz(see Sectiod.1.2.
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As mentioned before, the finite set of edges consists of unordered pairs of vertices. If this is the
case then the graph is calleddirected However, if the pairs of vertices are ordered, meaning the
edges have aarigin and adestinationthen the graph is calledirected Directed graphs are usually
calleddigraphsin the graph drawing literature.

Besides breaking up graphs into directed and undirected, they can also be divided ayzlicto
andacyclicones. Before giving the definition ofeycle apathhas to be defined. A path is a sequence
of verticesvs, ..., v, Where vertices; 1 andv; are connected by an edge. If, additionally, an edge
exists which connects, andwv,, then the graph contains a cycle and is called cyclic.

An important subset of graphs consists of graphs which are acyclic and additiooaitected
Such graphs are calldeesand are known beside their importance for graph thedar74 as data
structures and possibility for representing hierarchies in every dayKkifé(1]. [KWO01] splits up
the group of trees intoooted treesandfree trees In free trees every node is as much important as
the others. On the other hand rooted trees contain a special marked node caited. tbsually the
roots do not have any incoming edges. Since trees are acyclic there is always only one path from the
root to every other node. As will be seen later, many graph drawing algorithms have been developed
especially for trees.

2.2 Characteristics of Graph Drawing

2.2.1 Classes of Graphs

For now graphs have been only described as abstract mathematical objects. If a graph is to be drawn, a
location has to be assigned to every nod&BT92] defines thalrawingof a graph a§ which maps

every node of a graph to a point in the plane. The edgesu, v) are represented as Jordan Curves
connectingu andv. Other possibilities for representing the edges will be given later in Se2tiba

The mapping of the abstract graph to the plane leads to the distinctigaradr graphs anaon-
planar graphs. If it is possible to map the nodes to the plane in a way that no two edges cross, this
is called aplanar drawingand the graph is called a planar graph. Otherwise the graph is non-planar.
Figure2.3shows a non-planar graph callég ;. As it can be seen there is no permutation of nodes
possible which leads to a crossing- free drawing. Such graphs are confusing for the viewer, because
it is hard to trace the edges.

1.1 1.2 1.3

2.1 2.2 2.3

Figure 2.3: The non-planar grapKs 5.

[Har73 calls the regions in the plane caused by a planar drafdngs The one which is un-
bounded is called theuter face Following [KWO01] the infinite number of possible drawings of the



CHAPTER 2. GRAPH DRAWING 5

same planar graph can be subdivided into groups of ggaahr embeddingsTwo drawings belong
to the same planar embedding if the edges forming the boundary of the faces have the same circular
order. Figure? 4illustrates this by showing two different embeddings of the same planar graph.

Figure 2.4: Two different embeddings of the same planar graph.

Another property of a graph which has to do with the drawing of the graph splits graphs into
upwardanddownwardgraphs. A drawing is calledpwardif the representation of every edge, v)
of the underlying graplé = (V, E) is drawn as a curve (or straight line) with monotonically nonde-
creasing y-value while starting fromand going tov. A directed graph is called upward if and only
if such an upward drawing can be obtain&\01].

Following [dBETT99 graphs are callebiconnectedf they do not have angutvertices where
cutvertices are nodes which would cause a graph to beabseennectedf they were removed.
Referring to this thélocksof a graph are the maximal sub graphs that are still biconnected.

2.2.2 Conventions

Drawing Conventiongre certain properties whiahustbe fulfilled by a drawing. These properties

deal with representation and placement of nodes and ed@§eg0} divides drawing conventions

into conventions concerning the placement of the nodes and conventions concerning the rooting of
the edges. The latter is again divided into line types and the reliance on the coordinate system. A
complete list of all conventions given i6{ig03 together with explanations can be found in Tablé

Nodes could, for example, be placed freely in the plane, on certain layers, or on a grid. Edges
could be represented by straight lines, polylines, or curved lines. A certain convention for nodes and
a certain convention for edges together build the full drawing convention. Fagbistows a drawing
placing the nodes on an orthogonal grid and edges as polylines routed along the lines of the coordinate
system.

2.2.3 Constraints

Conventions define rules for graph drawing which are applied to the entire drawing of a graph. How-
ever, sometimes it is the case that certain regions or subgraphs have to be treated in a special way
because the semantics requireGiTR4. Since graph drawing algorithms in general do not under-
stand the semantics of the underlying gragmstraintscan be used to give additional drawing rules

to graph drawing algorithms for those parts of the drawing.

A list of possible constraints is published iRdBB88 and summarised ingT94], [dBETT99
and [Sug03, were they are introduced asmantic rules
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Type

Node Placement

re-

Drawing Convention Explanation

Free Nodes can be placed in plane without any
strictions on coordinate systems, grids or lay-
ers.

Parallel lines Nodes are placed on or between parallel lines

which are also called layers.

Concentric circles

One node is chosen to be in the middle of the

drawing and the other nodes have to be pla
on or between concentric circles around it.

ced

Radial lines

Nodes are placed on or between radial lines

emanating from a point in the middle of the

drawing.

Orthogonal grids

Nodes can only be placed on an integer grid.

Polar grids

Nodes are placed on the intersections defi

ned

by the concentric circles and radial lines of a

polar grid.

Edge Representation

Straight-line

Edges are drawn as straight-lines connecting

the nodes.

Polyline

Edges are drawn as sequence of one or more

straight-lines.

Curved line

Edges are drawn as curved lines of a certain

types.

Reliance of Edge
Routing on Coordin-
ate System

Dependent

Edges are drawn along the lines of the coordin-

ate system. For example, given an orthogo
grid and polylines, every single line has to

drawn either horizontally or vertically along
grid line.

nal
be
a

Independent

The edges can be drawn freely without restric-

tion of the coordinate system.

Table 2.1: Taxonomy of graph drawing conventions made $ug032.
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Centre: One or more important nodes should be placed in the middle of the drawing.
e Dimension: This can be used to manually specify the representation size of certain nodes.
e External: In contrast taCentrethis is used to place nodes at the boundary of the drawing.

e Neighours (or Cluster): Nodes belonging semantically together can be placed in a common
neighbourhood by using this constraint.

e Shape:A subgraph can be drawn with a given shape.

e Stream (or Sequence)Several nodes are drawn along a straight line, which makes it easier to
trace possible edges connecting them.

2.2.4 Aesthetics

Like conventionsaestheticsare rules which should be automatically fulfilled by the graph drawing
algorithm without any user interaction. Aesthetics describe layout properties which lead to nice
drawings in general. The number of edge crossings is an example of aesthetics. Besides reducing
the number of edge crossings a couple of other ideas for improving the readability of drawings are
introduced in §TT81. This list is completed inTdBB88 and [Sug03, where aesthetics are called
structural rulesin contrast to thesemantic rulesbove.

The most important aesthetics are:

e Area: The area needed by the entire drawing should be as small as possible. This ensures that,
given a certain zoom factor, as much as possible of the drawing can be seen on screen.

e Angle: The angle between the edges of one node should be maximised.

e Aspect Ratio: The ratio of the drawing’s length and breadth should be balanced.

e Bends: The number of edge bends especially for orthogonal drawings should be minimised.
e Convexity: Faces of planar drawings should be drawn as convex polygons.

e Crossings: Edge crossings make it difficult to trace paths. So all crossings should be removed
if the graph is planar, if not the number should be minimised.

e Symmetry: Symmetry in a hierarchical drawing, where sons should be placed symmetrically,
and symmetry of the entire layout.

o Total edge length: The average of all edge lengths should be as small as possible.

It is not generally possible to fulfill all aesthetics at the same time. Sometimes the improvement
of one property causes a worsening of another. For example, crossing minimisation often leads to an
increase of edge lengths. So it is an optimisation problem to achieve the right mixture of all aesthetics.

2.2.5 Computational Complexity

Computational complexityas always been important for static graph drawing algorithms and it does
not lose its importance nowadays, where dynamic algorithms are becoming more popular. As can be
imagined interaction with dynamic systems should happen in real time, so computing the layout of
the next drawing step has to be done quickly. Since many drawing algorithms or subalgorithms are
optimisation problems and are often NP-hard, heuristics are often used.
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2.3 Static Graph Drawing Methods

2.3.1 Orthogonal Graph Drawing

Orthogonal graph drawings motivated by the aesthetic that the angle between the edges of one
node should be maximised. Besides the maximisation of the angles of adjacent edges orthogonal
graph drawing algorithms also consider many other aesthetics, like the minimisation of edge cross-
ings, bends and total edge length, and constraints, like specified placement of certain nodes. It is
based on the drawing convention that places the nodes on an orthogonal grid, uses polylines as edge
representations and routs the edges along the coordinate systems. Eifsteows an orthogonal

graph drawing.

Figure 2.5: Example of orthogonal graph drawing.

Orthogonal drawings have been developeddeneral undirected graphsThe method is also
called the topology-shape-metrics approadBETT99 or graph theory approact8g03 and is
divided into three steps:

Planarisation: The planarisation steggakes a general undirected graph and produces a planar rep-
resentation. Since general graphs might be non-planar, the number edge crossings is reduced
first and the remaining crossings get removed by inserting dummy vertices at positions where
the crosses occur. The substeps of planarisation are the following:

1. First of all the given graplds = (V, E) is split into its blocks (for a definition of blocks
see SectiorR.2.]).

2. For each block the maximal subgraph which is still planar is extracted. The crossing edges
which have not been used yet will be inserted later on.

3. To achieve a planar drawing with a minimum of nested faces, the following is done. The
blocks are inserted into a tree starting with the largest as root. Then recursively blocks
with common cutvertices (of the entire graph) are inserted as children. When this is
finished the face having the most cutvertices of every block becomes its outer face.

4. This step is only necessary for non-planar graphs where the set of crossing edges (not used
in step 3) is not empty. These edges get inserted now, while trying to keep the number of
crossings as small as possible.
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Normalisation and Orthogonalisation: In this step arorthogonal representatiois computed from
the planar representation of the previous step. Since orthogonal drawings route their edges only
horizontally or vertically, the maximal possible degree of every node is four. If a node exceeds
this property it has to be replaced by two or more nodes so that the maximum degree is reduced
to four. This mechanism is calletbrmalisation Now the orthogonal representation can be
computed. This is done with several heuristics, always trying to keep the number of bends as
small as possible. As output of this step every edge has a list of angles, which describe the
bends. Real coordinates will not be assigned to every node until the final step.

Compaction: Thecompactiorconverts the orthogonal representation into a grid representation of the
same shape, with real coordinates. This is also the step where a minimisation of edge lengths is
done. This is achieved by converting every face into a rectangle. Then a linear integer program
is used to minimise the edge lengths of all rectangles. When these lengths are computed the
positions of all nodes are determined and the orthogonal representation is ready to be drawn.

For further readingTdBB88 and [Sug03 can be recommended. IK{W01] many heuristics are
presented.

2.3.2 Drawing on Physical Analogies

Some graph drawing methods compute representations with the hphysital analogies These

kinds of graph drawing algorithms use the drawing convention that places the nodes freely in the
plane and uses straight lines which are routed independently of the coordinate system as edge rep-
resentations. They are quite popular for several reasons. Since they use analogies like metal rings
(nodes), springs (edges) and magnetic fields they are very intuitive. Furthermore they are easy to
implement and produce good resulkéf01]. In Figure 2.6 the Kamada-Kawai algorithmwhich

will be described later on, has been used to generate a drawing.

Figure 2.6: Drawing based on physical analogies, created Withphvizusing theKamada-
Kawai algorithm

Two physical analogies are useftirce-directed placemerand energy-based placementhe
first tries to minimise the internal energy of the system by iteratively modifying the node positions
responding to forces between the nodes. Instead of moving nodes the latter minimises these energies
directly [KWO1].
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Force-Directed Placement

The method presented it§d84 was the first force-directed placement method and is called the
spring embedderollowing [Sug02 the method can be used for general undirected graphs. It models
the graph as a system of iron rings and springs. There are two different kinds of spring, one connecting
adjacent nodes and the other connecting nodes which do not have a common edge. His algorithm first
places the nodes in random order. Then the forces working at each node caused by the springs are
computed and the nodes are moved. This is repeated a fixed number of times.

Another method based on the spring embedder was publish&Ma, The Magnetic Spring

Model In contrast to the spring embedder this method can be used for directed graphs and trees as
well. As before undirected edges are represented by springs, while directed edges are modeled now
as magnetic springs. These magnetic springs force the iron rings (nodes) to rotate in a magnetic field.
Several different kinds of magnetic fields, such as parallel polar or concentric fields, are used. The
edges can be compared with compass needles rotating in the magnet field of the earth. The freedom
of varying parameters like the strength of the field or the forces of the springs make it possible to
fulfill numerous different aesthetics. The algorithm itself is in principle the same as the one used by
the spring embedder method.

Energy-Based Placement

The Kamada-Kawai algorithnmpresented inKK89] and summarised in{WO01] uses springs that

are proportional in length to the length of the shortest path between two nodes. Adjacent nodes are
connected by springs proportional to one. This leads to a sum of all potential energies. Since this
is an energy-based placement method, the energy of the system is minimised by directly minimising
this sum. This is done with a modified Newton-Raphson algorithm, which moves the node with the
longest gradient in each iteration step.

Sometimes another method calkithulated annealingDH96] is used to minimise the energy of
the system. This method was originally developed for VLSI layout and is very powerful. On the other
hand, it is very slow and so it can not be used for interactive graph drawing sysSeg®q. It often
happens that minimisation methods only find local minimas. Simulated annealing tries to overcome
this problem by learning from an analogy to the process of cooling down a liquid, a process called
annealing. The idea is that as liquid should not be cooled down too quickly, the system energy should
not be minimised too fast. This is achieved by introducing tdraperatureparameter to indicate
the energy of the system. This makes it possible that new arrangements of the graph not leading to
an immediate minimisation of the system energy get a second chance later on depending on their
temperature.

For a survey of force directed drawing methods seeh97. A new algorithm for drawing huge
graphs based on the minimisation of an energy function is describe€dr(2]. The algorithm
is calledACE, which stands foAlgebraic multigrid Computation of Eigenvectork minimises an
energy function calledHall's energyby expressing it as an eigenvalue problem. With this method it
is possible to draw graphs with a million nodes in less than twenty seconds.

2.3.3 Hierarchical Graph Drawing

Hierarchical graph drawingalgorithms are designed to represent general digraphs. These methods
use the graph drawing convention that places nodes on layers and uses straightline or polyline edges
which are rooted independently of the coordinate system (see Fxjgre Usually, drawings are

made upward or downward. Sugiyama presented the basic method for hierarchical graph drawing
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in [STT81, upon which all other methods are based. The method was extende&ef) [and is
traditionally divided up into four steps:

Figure 2.7: An example of hierarchical graph drawing, where nodes are placed in layers.
Layout generated witAMFGraph

1. Cycle Removal:

Since upward or downward drawings are only possible (see Sextlpif graphs are acyclic,

any cycles have to be temporarily removed. This is done, either by replacing a cycle by a single
node or by reversing edges pointing in the wrong direction and later restoring the reversed
edges. The set of reversed edges should be as small as possible. The minimisation of this set is
called thefeedback arc set problen$ince this problem is NP-hard a number of heuristics have
been invented. Some of these algorithms are describdeSa(.

2. Layering:

In this step every node of the graph is assigned to a certain Iayer., L,,. Since the graph

is now acyclic, this can be done in a way that for every edge> v, u is in layer L; and

v is in layer L; such thati < j. This implies that all edges are pointing downward. The
original method by Sugiyama proposed BT[T8] layers the graph by inserting all nodes
which do not have any incoming edges, caltedt nodes in the first layer. Then the nodes
which have just been inserted are removed from the data structure and the new root nodes are
inserted into the next layer. This is repeated until there are no remaining nodes. A number
of other methods satisfying different requirements, such as making layerings not too wide and
not too high, have been proposed. Important algorithms aredhgest Path Layeringnd the
Coffman-Graham-Algorithrvhich are described ir/S9Q. Another important task achieved

in this step is the insertion @iummy nodesDummy nodes are needed when edges connect
nodes in non-adjacent layers. Such edges are assigned dummy nodes at each layer they cross.

3. Crossing Reduction:

As has already been explained in Sect®o?.4one of the most important aesthetics is reducing

the number of edge crossings. This step tries to find a permutation of the nodes in every layer
such that the total number of crossings is minimised. Since this combinatorial problem is again
in NP, heuristics have to be used. One method known dayke by layer sweemoves upward

and downward through all adjacent layers, using a heuristic to minimise the number of crossings
between those two layers. The most popular heuristics arbahgentre heuristicmedian
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heuristig split heuristic switch heuristiandsifting algorithm all summarised inWO01]. A

second type of method approaches the problem by considering all levels simultaneously, the
k-layer crossing minimisation approaciiwo examples for this method are Tutte’s algorithm
[ES9Q and global sifting MSM99].

4. X-Coordinate Assignment:

Since the crossing reduction step only computes relative x-coordinates by computing the order
of the nodes, the last step assigns absolute x-coordinates to them. In doing this some further
aesthetics can be fulfilled. The nodes can be aligned in a way that bends are reduced and
symmetry is improved, without changing the ordering of the previous step. It should not be
forgotten, that the width of the drawing should not become too large. Sugiyama suggests two
solutions to this problemJTT81. The first, a deterministic algorithm call€@uadratic Pro-
gramming Layout Methqdries to optimise the problem by expressing the aesthetics as sums
which have to be minimised. The other method is a heuristic approach Eallmity Layout

Method which tries to optimise by sweeping through the layers. Finally, any dummy nodes
have to be removed and reversed edges restored.

All methods using these steps are calfaayiyama style algorithmsThe original method, pre-
sented in $TT81], integrates the Cycle Removal step into the layering process and introduces a final
step after the X-Coordinate Assignment, which maps the layout to the drawing space.

Besides the hierarchical drawing algorithms using the convention with nodes placed on layers,
possibilities using concentric or radial node placements have been investigated. Sugiyama suggested
in [STT87] using a radial node placement. In such layouts the first and last layer are adjacent and so
graphs with many feedback loops can be drawn better.

@ @

Figure 2.8: Layout with parallel lines and concentric circles of the same graph. The concentric
layout method can reduce the number of edge crossiR})438]

[Car8( presents a drawing approach for cyclic directed graphs, which places nodes on concentric
circles. The layering is done using a so-callgmber hierarchy where nodes with a minimum
distance to all other nodes are placed on the smallest circle. A crossing reduction heuristic, called
the Relative Degree Algorithnis also introduced. InRM88] another method is presented using
hierarchical layouts with concentric lines. They use the full angle of the circle to reduce the number
of crossings. A simple graph such as the one shown in Figi&ewvhich can not be drawn without
crossings by using two parallel line layers, can be drawn without crossings with their method, using
two concentric circles.

As it can be imagined, the improvement in the number of crossings decreases with an increasing
number of layers$ug03.
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2.3.4 Tree Drawing Methods

Trees are a special case of graphs which are very common. AccordidBET T99 three different
kinds of methods are used for drawing trees:

1. Layered Drawings:

Since trees can be seen as acyclic graphs (with edges pointing away from the root) , the hierar-
chical drawing approach of Secti@3.3can be easily adopted for trees. Since trees have no
cycles, layering is done by taking the nodes’ depths. Edge crossings do not occur if children
of different parents have the same ordering as their parents in the previous layer. Absolute x-
coordinates are assigned with respect to the aesthetics of balance, symmetry and least distance
between the children of one node.

2. Circular Drawings:

By placing the root node in the middle of the drawing and mapping the layers to concentric
circlescircular drawingscan be achieved. To avoid crossings between subtrees, a sector called
annulus wedgds assigned to every subtree. In principle these sectors are proportional in size
to the number of nodes in the subtree. Generally this method leads to pleasing planar circular
drawings HMMOO].

Figure 2.9: Circular drawing of a tree, where the root node is placed in the centre and layers
radiate outwards in concentric circles. Layout generated Grdphviz

In [YFDHO1] this method is applied to general undirected graphs. This is done by ignoring
edges creating cycles (which would not be in a tree), while the node’s positions are computed.
They call the nodes which are connected by such edgesree neighbours

3. Orthogonal Drawings:

The orthogonalmethod is only applicable to binary trees, where each node has exactly two
children. Such a child node is either placed beside its parent, to its right, on the same horizontal
line or exactly below. This is repeated 8Biwide and conqueuntil all nodes are aligned. Similar

to radial drawings every subtree is assigned its own area so that no overlapping occurs.

2.3.5 Visibility Approach

The visibility approachuses the drawing convention that places nodes freely in space, connected
by polylines which are routed independently of the coordinate system. FolloaBIGTT99 it is
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divided into three stepsPlanarisationis the first step and is the same as used in orthogonal graph
drawing. The second step, thisibility step, represents nodes with horizontal and edges with vertical
line segments. A vertical line starts at the horizontal line belonging to its first node and ends at the
horizontal line assigned to its second node. It is not allowed that vertical edges cross any other lines.
The last step replaces each horizontal line by its node and the vertical lines by polylines connecting
the nodes.

2.3.6 Augmentation Approach

The augmentation approach starts again withpla@arisationstep. Followed by thaugmentation

step, which adds additional edges and nodes to the graph obtained from the first step. This is done
to convert faces with more than three edges to triangles. Now it is possible to draw the graph as
atriangulation by using the edges of the second step. Finally the dummy edges and nodes can be
removed §BETT99.



Chapter 3

Dynamic Graph Drawing

In contrast to Chapte2 where static drawing algorithms are described, this chapter deals with the
problem of graphs which change over time. Graphs can change for several reasons. If the graph
represents a structure, for example a computer network, which changes over time, nodes and edges
have to be added or removed. Another possible application is a graph drawing toolkit where the
graph could be modified by the user. A third possibility is the one used in the IMFGraph framework
described in this thesis, where the graph changes because the user navigates through it, viewing only
a small subset at any one time.

A straightforward method for handling these changes would be to compute a new layout from
scratch, which could be totally different from the previous one, and redraw the graph. However,
this approach has the problem that users can looserttezital map To overcome this problem two
different methods have been invented. The first one tries to minimise the changes between the old and
the new drawing by modifying only the parts of the drawing where the underlying graph has changed
and keeping those parts that have remained the same. The second method uses animation to smoothly
transform the old graph into the new one. Since the latter is used in the IMFGraph framework this
method will be described throughout this chapter.

3.1 Mental Map

The termmental mapwvas first used iNELMS91]. When a user watches a graph being drawn, it takes
a little while until it is possible to orient. After orientation the user has a mental map. When the
drawing changes dramatically, the user looses orientation and the learning process has to be started
again.

[MELS99 describes three properties which help to understand the mental map in a more formal
way. The first, called therthogonal ordering describes how nodes are aligned. For example node
u is, to the left ofv and beloww. The proximity relationsdescribe the distances between the nodes.
Thetopologydepicts the regions in space created by the graph. Using a transition does not keep these
properties unchanged, but does give the user the possibility to follow the modifications.

As it can be seen in Figurg 1, the insertion of a single edge can radically change the layout of
the nodes. An instant switch from the first to the second drawing without any transition would cause
users to loose their mental map and have to reassimilate the new drawing. Using a transition, like in
Figure3.2 it would be easy to follow the movements of the nodes.

15



CHAPTER 3. DYNAMIC GRAPH DRAWING 16

Figure 3.1: Insertion of a single edge can cause a major change in lagogiO2.

1 2

Figure 3.2: Using a smooth animated transition maintains object constancy and allows viewers
to track changes and preserve thragntal map
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3.2 Animated Graph Drawing

A straightforward method to transform one layout into another would be simple linear interpolation
of the node positions. According t&H01] most existing approaches use this method. However, this
approach can cause several problems. As can be seen in Bi§uransforming layout (a) into (e)

with linear interpolation leads to a collapse of the drawing during animation at (c). To avoid this and
other problems Friedrich and Eades summarise some criteria for good anim&tiks [

(b) (c) (d)

Figure 3.3: When linear interpolation is used for the transition from (a) to (e), all nodes meet
in the middle and the drawing collapses at point (c).

3.2.1 Criteria and Measures for Good Animations

In [FEOZ the following criteria, which should help the user to follow the changes in the layout, are
presented:

e Use movements that are easy to follow:
It should be as easy as possible for the user to trace the movement of nodes and edges.

e Use structured movements:

If the cognitive abilities of the human brain are respected, the effort for the user in following the
movements can be minimised. The first thing helping the user is to use movements that are as
symmetrias possible. The second point concerngdetive positionof objects as described

in Section3.1 If these relative positions of objects in the first layout do not differ much from
those in the second layout, they should also be kept during the transition because the human
brain can easily follow movements of structures. This principle is callgdct constancgnd

is introduced in RCM8Y. Finally, humans are familiar with projections of the movement of
three dimensional object#\ rotating cube for example can be recognised even if only its two
dimensional projection is seen. Nodes can be clustered into objects, which perform movements
in all three dimensions to reach their final positions.

e Use smooth transitions:

The movements of nodes and edges shouldrbeoth Therefore the step size should not be

too large and not too small and the speed should not be too fast and not too slow. Steps which
are too large or a speed which is too high would make it hard to keep track. On the other hand
very small steps or too slow transitions could cause a loss of attention.

e Avoid showing non-existing structures:
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As was shown in Figur8.3it can happen that certain nodes or edges collapse during transi-
tion. If that happens it could seem that there were structures that do not exist. Showing such
structures should be avoided.

Use intermediate frames with proper layout:

The layout of the drawings during the animation should fulfill the aesthetic criteria presented
in Section2.2.4

Besides giving some aesthetic criteria for animated graph drawing, there are also some possibili-
ties of measuring the quality of the animations presenteBHOY.

Number of edge crossings:

A count of the number of edge crossings during animation is one measure of the quality of the
animation. Since edge crossings should not appear in static graph layouts, they should also be
avoided in intermediate frames.

Minimal distances of hodes belonging to different structures:

If certain nodes are not close to each other in the initial and final layout, they should also stay
apart during animation. Minimal distances can be measured.

Changes in relative positions:

If nodes have similar relative positions in the initial and final layout, this should not change
during animation. This measure evaluates the change of those relative positions while they are
moved from start to end positions.

Symmetry of movement:

Since symmetrical movements are easier to follow, the symmetry of movements should be
measured as well.

Path lengths of node movements:

Shorter paths are easier to follow than longer paths. So path lengths are another measure for
quality. However, minimising path lengths alone would lead to linear paths for all nodes.

Speed of animation:

Finally the animation speed, which should be neither too slow nor too fast, could be measured
as well.

3.2.2 Animation Using Rigid Motion

The animation process presentedHfiED7 is based on the idea of structured movements. Nodes are
treated as ondgid object which moves through three dimensional space trying to bring all nodes

as near as possible to their final positions. The algorithm can be used for all kinds of graphs. Since
dynamic graph drawing algorithms also have to deal with removed and added nodes and edges the
algorithm is split into four steps:

1.

Fade out disappearing nodes and edges:

Nodes and edges which are present in the initial layout but do not belong to the final layout
have to be removed from the drawing before any kind of movement can begin. Since this is
also part of the animation, this has also be done in a smooth way which does not confuse the
user. These objects ai@ded outat an appropriate speed.
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2. Move nodes using rigid motion:

The second step uses an affine transformation to bring all nodes as close as possible to their final
positions. An affine transformation consists of four operatidramslation scaling rotation
andshearing Transforming a two dimensional point with an affine transformation matrix is
done with the following formula:

2\ [ an a2 x t11
! - ' +
Y a21 Q22 Y t21

The transformation matrix which is needed to transform the points to their final positions, can
be found by inserting the start coordinates fory) and the end coordinates for’, 3//) in the
equation above. So every node has the following pair of equations:

¥ =an-r+an-y+tn
Y =ag-x+an- y+tn

Since there are six unknowns, three pairs of equations will be needed. This means that three
non-collinear pairs of nodes are needed to determine the affine transformation matrix. Since
most of the time there will be more than three nodes, which do not have a common matrix
that transforms the nodes exactly to their end positions, a function is needed that minimises the
errors. In FEOZ this is done by minimising the sum of the squared Euclidean norms of the
vectors starting at the computed end position and ending at the real end position of every node:

N
e=Y (a1 Tn+ a1z Yo+t — 2)° + (a21 - Tp + a2 - Yn + tor — y,)?
n=1

When the affine transformation matrix has been found the interpolation process can be started.
Therefore a parameteris used that runs fror to 1. The step size determines the speed of

the animation. The translation vector can be easily interpolated by computing, t21). The
interpolation of the2 x 2 matrix is more complicated. Since the node position at the beginning

of the animation has to be exactly the one defineday ) the interpolation of this matrix has

to start with the identity matrix, being smoothly transformed into the computed affine matrix.
This interpolation can cause problems. As mentionedrEQ, the linear interpolation from

the identity matrix/ to an affine transformation matri¥, which describes a rotation afleads

to a null matrix as intermediate matrix:

10 -1 0 00
0.5.<0 1>+0.5.< y _1)_<0 O)
——— ——————
I M

In such a case all nodes would collapse into one point. To avoid this, the rotationgl past
to be extracted fromd/.

M=Q-S
This operation is callegolar decompositionSeveral methods for doing this are presented in

[SD9J. The rotational part can then be interpolated over the angle, which can be computed
from the extracted rotation matrix, astican be interpolated linearly:
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[ cos(t-p) —sin(t-p)
@i = ( sin(t-p) cos(t-p) )

Si=(1—t)-I+t-S

3. Move nodes to their end positions:

Since the second step can not move all nodes exactly to their final positions most of the time,
this step is neededFEO0] suggests several methods for this last movement. The easiest method
is to move nodes by individudihear interpolation Another suggested approach is to split the
movement into a first movement in the x-direction and a second in the y-direction.

[FEOZ also proposed a modification otignamic force-directed algorithio fulfill this last po-
sitioning step. While static force-directed approaches (described in S@ci@only display

the final layout, dynamic force-directed algorithms also show the intermediate frames. Such a
dynamic force-directed algorithm can be found HEW98. When using force-directed algo-
rithms the nodes’ final positions are determined by the algorithm. Friedrich and Eades needed
an algorithm, to move nodes to positions already determined by the computed final layout. So
they had to modify the dynamic force-directed method in such a way, that forces are used to
attract the nodes to their final fixed positions. Since this approach is more computationally
difficult than linear interpolation method, their problem was to make it efficient enough to keep
the transitions smooth.

4. Fade in new nodes:

Nodes which exist in the final layout, but were not present in the initial layout are faded in this
last step. To help the user this has to be done again with appropriate speed.

3.2.3 Clustering-Based Animation

The method described in Secti82.2works well as long as all nodes perform the same movement.

If certain nodes or whole subgraphs have to be moved in different directions, this method does not
produce appropriate animations anymore (see Figufe Friedrich and HouleFHO]] improved

the method above by introducing clustering methods into the animation process. Nodes performing
similar movements are assigned to the same cluster (see Bigire

Since trying out all different possibilities of grouping nodes together would lead to exponential
running times, they suggest two different heuristics.

e K-Means Clustering

K-means clusterings a well-known method used in various fields. It first creates an initial
partitioningP = Py, ..., P, of the objects. Then an average property vector of every partition
is computed. A new partitioning is created by assigning every object to the partition with the
most similar property vector. This is repeated until no objects change their partition anymore.
K-means clustering is very easy and leads to good results.

Using k-means for animation with rigid motion works as follows. After performing the initial
partitioning the affine transformation matrix for every cluster is computed. A new partitioning
is created by assigning every node to the partition with the affine matrix that moves the node
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Figure 3.4: Animating two objects with different movements as one rigid object. The affine

transformation matrix which is used for all points can not bring the nodes to their exact

end positions.
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Figure 3.5: Animating two objects with different movements usiclgstering Every cluster
gets its own transformation matrix, which can bring the nodes to their final positions.
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closest to its end position. This is done until the total error, which is the sum of all distances
between the real final positions and the one reached by the transformation matrix, converges.

Friedrich and HouleFHO1] found that the algorithm finds the individual movements most of

the time. They use ten clusters as a maximum, because too many different movements would
be hard to track. Since the initial partitioning has a large effect on the results of the clustering
process, they also suggest also a second kind of heuristic.

¢ Distance-Based Clustering

Distance-based clusteringiethods respect the distances of the nodes in the initial or in the
final layout. They are based on the idea that nodes lying close together will also perform
similar movements. InNHHO]] a delaunay-triangulatiorwith edge eliminatioris used. First

the triangulation of the set of nodes is computed. Initially every triangle is a partition. Then
triangles lying next to each other are merged, by removing the edge between them, if they have
similar transformations. The choice of the threshold which determines if the transformations
are similar enough is very important for the performance of this method. The method can be
used on its own as a clustering method or can be used for computing the initial partitioning for
the k-means method.

3.2.4 Intersection-Free Animation

The methods above were designed for general graphs. Edge crossings can occur during animation
even if there are no crossings in the initial and final drawingKIRQ3 a method for planar graphs is
presented that even generates intermediate frames without edge crossings. They give two restrictions.
The start and end layout have to have the same outer faces and the same planar embeddings. Addi-
tionally it is fine if the two graphs arisomorphic Isomorphic means, that there exists a one-to-one
correspondence between the nodes of both graphs, so that each node of the first graph has a corre-
sponding node in the second graph with the same adjacencies (seeF@Har7d. If they are not
isomorphic the disturbing edges are removed in a preprocessing step. The algorithm is divided into
the following four steps:

© ®

Figure 3.6: Isomorphic graphs, initial and final layou€P03.

1. Transformation using rigid motion:

This step works exactly like step two in the method presented in SeE&o2 It uses an affine
transformation to move the nodes, which are treated as a rigid object, as close as possible to
their end positions. For finding the best affine transformation matrix they also use the method
presented infE0Z, which minimises the sum of the squared Euclidean distances between real
and computed end positions.



CHAPTER 3. DYNAMIC GRAPH DRAWING 23

2. Insertion of additional nodes at bends:

The second step inserts nodes at all positions, where edges have bends (se8.Fi@)je
If one edge is given such additional nodes in one drawing, it is also given them in the other
drawing. If curved edges are used, they have to be approximated by straight lines.

3. Triangulation of faces:

In this step the two layouts are triangulated. To do this, first the initial and the final layout,
with additional nodes inserted in the last step, are triangulated independently from each other.
As it can be seen in Figuré.7(b) this leads to different faces in both drawings. To find out
where the differences are, both layouts have to be overlayed. At positions where this overlay
leads to crossing edgeSteiner pointare inserted to make the triangulations compatible. The
compatible triangulation of both graphs can be seen in Figuie).

Figure 3.7: Step 2 and 3: (a) Insertion of additional nodes, where edges have bends. (b)
Independent triangulation of both graphs. (c) The triangulation of (b) is extended using
Steiner pointgo include the same facekKP03).

4. Morphing of faces:

Once the layouts have been triangulated, the faces can be interpolated. This process is called
morphing Simply speaking every face is represented by its barycentre. Then matrices with
these barycentres for the faces in the initial and final layout are created. The animation can then
be processed by interpolating these two matrices. The barycentre of every face is interpolated
with respect to the positions of its neighbours.

3.2.5 Animation using Polar Coordinates

Another method, which is not as complex as the methods described above, but goes further than
simply using straight line movement, is presentedYir[DHO1]. As has already been described

in Section2.3.4they use a modified tree drawing algorithm to layout graphs. To make transitions
between those drawings, they work with polar coordinates instead of rectangular coordinates. When
nodes move to another position on the same layer, they travel along the concentric arc. If they change
layer, their movements are spiral-shaped (see Figu@eThey do not use explicit clustering methods,

but nodes with the same parent node always move together without changing their order (if it is not
required).
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e
Figure 3.8: Radial movement of nodes, within the same layer, and moving to another
layer [YFDHO1].

Another interesting aspect of the method proposed FJHO1] is the speed of transition. Nodes
do not move at constant speed from their initial to final position. Instead, they accelerate at the
beginning starting from zero and slow down to zero at the end. This gives the user more time to
prepare to track the movement.

[VWNO3] deals with appropriate speed of movements. It does not describe the right speed of the
transition between two drawings, but the path of a camera that moves from one point in a drawing to
another one. This is done by zooming out first, panning to the new position, and then zoom in. The
appropriate speed for this is computed by using a spherical space.



Chapter 4

Graph Drawing Packages and Appli-
cations

This chapter describes graph drawing packages and specific applications. Since there is a wealth of
different packages and applications a survey of those most important in general, and in relation to
dynamic drawing algorithms will be presented. File formats used for storing graphs are introduced.

4.1 Graph Drawing Packages

Graph drawing packages can be subdivided into graph drawing editors, toolkits, frameworks, libraries
and so on. Some are freely available for download, even as source code, some are accessible via
online applets, and some are commercial. Most of them are graph drawing libraries that are available
as standard demo applications integrating the most common operations. They all implement one or
more of the standard static graph drawing methods described in CRapter

4.1.1 GDToolkit - Graph Drawing Toolkit

GDToolkit [GDTO0J is a C++ library, for drawing and layouting graphs. GDToolkit is based on
LEDA, which is a C++ library, that supports certain data structures, algorithms and tools for creating
applications. The current release 3.0 includes three different packages.

GAPI (Graph Application Programming Interfagerovides different kinds of graphs with draw-
ing algorithms. The drawing algorithms include orthogonal drawings, upward drawings, and the
visibility approach. The second package included is called BLB&¢h Layout Generatdr Batch
layout generators take input files describing the graph, apply a layout algorithm, and generate an out-
put file. Except for choosing the files and the algorithm, there is no user interaction most of the time.
The third package includes interactive demo applications. gittdemaoapplication can be seen in
Figure4.l

GDToolkit is free available for non-commercial users. Precompiled binariekifiox, Solaris
andWindowscan be downloaded.

4.1.2 Graphviz

Graphviz[GV03] is open source graph drawing software. Like GDToolkit it includes a graph editor
and batch layout generators. There are three different layout enginesdiat/ledatq andtwopi. dot

25
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Figure 4.1: GDToolkit Screenshot of the demo applicatigdtdemo A panel for choosing
between different drawing algorithms and window for changing the properties of nodes
and edges can be sedB)T03.

can be used to generate hierarchical layouts for directed graphs with curved lines. neato and twopi
can both generate layouts for undirected graphs. The first uses an energy-based placement method,
while the latter generates circular layouts.

The only supported format for the input files is also called dot. It was invented especially for
Graphviz and is described in Sectidr8. Output can be chosen from many different file formats. As
well as there are pixel-oriented formats like GIF and PNG, there are also vector oriented formats like
PostScript and SVG.

The latest version, Graphviz 1.10, includes executable binariekifiorx, Unix and Windows
Older version are also available fBplaris Mac, Irix and so on.

4.1.3 Graph Visualisation Toolkits

Tom Sawyer Softwareffers three commercial graph drawing toolkits<raph Analysis Toolkit
(GAT), Graph Editor Toolkit(GET) andGraph Layout Toolki{GLT). GET and GLT are described
in [DFM*02].

The Graph Analysis Toolkit includes libraries which can be used for developing graph analysis
software and are available in Java and C++. GET is also offered in Java and for developing in .NET. It
provides various tools for developing graph editors. Standard operations like zooming and panning,
event handling, menus and so on can be used. GLT offers standard layout algorithms: hierarchical,
orthogonal, symmetrical and circular drawing approaches are available. This library is only offered
in C++.
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All packages are usable for common operating systemsLiikex, Windows Solaris Mac OS
andlrix. An online demo in the form of a Java applet can be accessed after registration to try out the
most common operation&NMTO3)].

4.1.4 aiSee

aiSees based on the code of the free source tool V&@r94 which is still available fotUNIX and

an oldWindowsversion VCGO04. VCG was developed to produce fast layouts of graphs generated

by other programs. There are several possibilities for controlling the layout algorithm to produce the
layouts as fast as the user wants. If those computations can not meet the time constraints set by the
user, the program automatically continues with a faster algorithm. Besides the euclidean view of the
graph, also a fisheye view is provided, which distorts the layout and enlarges the part in the middle.

A trial version of the current release 1.90 of aiSee can be downloaded for most common oper-
ating systemsdiS03. Non-commercial users can even get license keys for usage until 2005. aiSee
provides Sugiyama-style algorithms with different constraints like producing maximum or minimum
depth, or minimising the number of backward edges. The tool provides a huge number of options
for controlling the layout like choosing different crossing reduction heuristics, numbers of algorithm
iterations or edge styles. For exporting the layout there are several file formats, including PostScript,
SVG and PNG, available. See Figute for a fish-eye view of a civilisation model in aiSee.

=lol x|
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El|s| o xalyn E=lE
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Figure 4.2: aiSee, which is based on the code of the tool V&&G04, provides a huge
number of possibilities for controlling the layout algorithm. Here a fish-eye view of a
civilisation model with Sugiyama-style layout can be se&f803.
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4.2 Dynamic Graph Drawing Software

It is often not enough that tools provide only static graph drawing methods. Sometimes dynamic
graph drawing methods can be necessary as well. The most common task where they are needed is
the inspection of very large graphs with many thousands of nodes. Other possibilities for applying dy-
namic graph drawing methods are changing graphs because of added and deleted nodes or switches to
other layout algorithms. This section presents some example tools which use dynamic graph drawing
methods.

Following [HE9§ there are two main approaches for handling graphs with more than a thousand
nodes: navigation and clustering. Programs using navigation only show a small subgraph at once and
provide navigation functionality. Clustering based tools reduce the number of nodes by condensing
subgraphs to single nodes, which represent a cluster. The tool described in 8&tRoises naviga-
tion. It provides a survey view of the graph to help the user to navigate. If the focus is changed, the
tool pans smoothly to the new focused node. The tool in SedtidrBuses the clustering approach.

If clusters are created or destroyed this gets animated. There are also tools which do not use standard
graph drawing methods to viusalise large graphs, for example by using hyperbolic views. An example
of these tools is introduced in Sectidr?.4

Also the online demo of the algorithm helping to preserve the mental map by creating crossing
free transitions, which was summarised in Sectioh.4 is presented. First of all, a tool is intro-
duced which uses dynamic graph drawing for making smooth transitions when applying a new layout
algorithm or zooming.

4.2.1 AGD - Algorithms for Graph Drawing

AGD [GJK™01] is a C++ library for drawing, manipulating and layouting graphs. It is available
as a precompiled binary package containing the libraries and tool demos (see48yutdke the
GDToolkit, AGD is also based on LEDA.

The library offers a huge number of different possibilities. Graphs can be created by hand or
by choosing the number of nodes and the preferred type of graph. They can be made for example
connected or biconnected. It can be tested if they are planar or simple. Loops can be removed,
and so on. AGD supports certain force-directed layout methods and planar layout methods such as
orthogonal layout and the visibility approach. Every time the layout changes, or the user zooms, the
transition is animated smoothly.

AGD-R 1.3 is the current version. It is freely available for non-commercial uskifiatx, Solaris
andWindowsat [AGDO03].

4.2.2 daVinci

daVinci[FW94 was a non-profit graph drawing package forix workstations until version 2. HaV03.
Since then it is distributed as commercial software cadl@dinci PresenterFor private use and uni-
versities time limited licenses are available. The newest version 3.0.5 can be downloadiedxor

Windows Solaris andFreeBSD[dVP03.

daVinci Presenter can be used as graph editor and for generating layouts. The layouts can be
exported in several file formats. It supports possibilities for hiding sub graphs and selected edges.
Besides that, it allows the user to either navigate through the graph by using the arrow keys or by using
a survey view, which can be opened in a second window (see FHgdreAll of these transitions are
animated by panning from one node to another. It does not compute a new layout. Animation can be
disabled and the speed can be changed.
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Figure 4.3: Screenshot of the AGD - Library standard tool demo. Every time the layout algo-
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Figure 4.4: Survey window of daVinci Presenter. Nodes and edges can be selected to navigate
through the graph. Navigation is animated in the main window by smooth panning to the

new position fiVP03.
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Figure 4.5: Online demo of DA-TU, which uses clustering to visualise large graphs. (a) shows
the original graph and (b) shows the graph with two clusters condensed to single nodes.
All modifications are animated smoothly using a dynamic spring embe8dai(3].

42.3 DA-TU

DA-TU[HE9] is a system which simplifies exploration of large graphs by using clustering. The sys-
tem works with general undirected graphs and uses force-directed placement for layouting. Users can
select certain nodes to be clustered. Those nodes are then replaced by a single node (sé®)Figure
which has the edges of all the nodes it replaces. Clusters can also be destroyed again, revealing the
hidden nodes. The user can also interact with the system by adding and deleting single nodes.

What makes the tool interesting relating to dynamic graph drawing is that all modifications per-
formed on the graph are animated using a dynamic spring embedder. The user can see how nodes
react to the changed forces in a stepwise manner, which helps the user not to loose orientation. An on-
line demo of DA-TU which provides something like a interactive slideshow of different modifications
on a graph can be seen &AT03].

4.2.4 H3 - Laying Out Large Directed Graphs in 3D Hyperbolic Space

H3 [Mun97] is another tool for visualising large graphs. In contrast to all the tools described above,

it does not use standard graph drawing techniques. Instead of using euclidean space it works with
hyperbolic coordinates, since hyperbolic space offers much more volume than euclidean space. To
compute the layout the spanning tree of the graph is computed. A spanning tree includes all nodes
existing in the graph but only such edges which could appear in a tree. Child nodes are placed
on hemispheres around the parent nodes. The layout computed in infinite hyperbolic space is then
projected into finite euclidean space for display. The nodes in the middle are in focus and are drawn
much larger than those at the border (see FiguBe When the user changes the focus by selecting
another node, the new focus node rotates smoothly into the middle.

The program is non-commercial, free for download and open source. Binaries of the current
version 1.1.2 are available fainux at [H303. Older version can be downloaded féfindowsand
Solarisas well.
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Figure 4.6: 3D hyperbolic viewer H3. The tool visualises huge graphs by computing the layout
in hyperbolic space, placing child nodes on hemispheres and projecting this to euclidean
space. The focus can be changed smoothly by clicking on the nB@es][
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Figure 4.7: Demo applet of the algorithm creating intersection-free morphings, described in
Section3.2.4 As it can be seen, rigid motion moves the object from its initial to its final
position without destroying the objects structuaM03].

4.2.5 Intersection-Free Morphing Demo Applet

This section describes the tool demo for intersection-free morphing of planar giep@g.[ The
algorithm has already been described in secli@¥ As it has been mentioned the algorithm can be
useful when the layout of a planar graph changes and a smooth transition, preserving the mental map,
should be performed.

The demo is available as a Java applet@p3]. First a graph has to be drawn with its initial
and final layout. Nodes and edges can be placed freely in the plane. When enabling the animation the
applet shows the smooth transition of the nodes from their starting to their end positions. Different
types of animation can be chosen used for the transition of the full graph, which is done in the first
step of the algorithm. Collapsing of graphs can be avoided by using rigid motion as can be seen in
Figure4.7. The total number of frames and the frame rate can also be adjusted. Additionally, the
triangulations of the graphs computed by the system for creating intersection free transitions can be
seen.

4.3 Graph File Formats

Graph file formats are needed by graph drawing tools to store and exchange graphs. The latter is
becoming more important as graphs are being shared over the world wide web. At the moment this
is still not that easy, because most tools use their own formats developed for their own special needs.
So attempts have been made to find a standard format satisfying all the needs of the different tools.
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That this is not easy becomes clear, when thinking about the differences between the tools. Some
support multiple edges or self loops, others do not. Some support animations, others do not. The
most important formats as well as the most recent attempt to find a common standard are described
in this section. This section is based on the survey of graph drawing formats givdatioj.

4.3.1 dot

As mentioned in Sectiod.1.2 thedotfile format was invented for the graph drawing t@xaphviz

The formats syntax and semantic are specifie&iNg3]. It supports directed and undirected edges

as well as subgraphs. A large number of parameters are defined, which can be used to specify the
visualisation of the entire graph, nodes or edges, or their labels. While shape and rendering proper-
ties can be defined, the format does not support possibilities to determine absolute or relative node
positions. As one of the earliest graph file formats, dot is currently propably the most widespread and
can save a lowest common denominator format.

4.3.2 GML

GML (Graph Modeling Language)3MLO03] was invented for the graph drawing toGraphlet It

was a first attempt for introducing a common graph file format. Based on the existence of several text

and graphics interchange formats, such as Postscript or HTML, GML was first discussed at the Graph
Drawing Symposium in 1995. Since that it has been used by many tools and there are many graphs
available in this formatHim9g].

The files are structured very simply, by defining nodes with ids and edges using those ids to
identify source and target. Other attributes can be added to the structure and are simply ignored by
programs that do not understand them.

4.3.3 XGMML

XGMML (eXtensible Graph Markup and Modeling LanguagéEM03] is an XML graph file for-

mat, which is based on GML. Conversion from GML to XGMML is very easy and can be done using
XSL? . XSL can also be used to transform XGMML files to other graph file formats. The format was
invented for a program visualising web sites as graphs.

4.3.4 GraphXML

GraphXML[HMOQ] is another XML graph file format invented to interchange graphs. It was created

to serve the needs of information visualisation. It supports standard tags for shape and rendering
properties as well as tags for positioning nodes. Users can extend functionality by creating their own
DTD? files. Besides the static graph description this format also supports dynamic properties such as
storing the history of the actions applied to the graph by the user. This history can be used to animate
changes made to the graph.

IXML (eXtensible Markup Language)
ZXSL (eXtended Stylesheet Language)
3DTD (Document Type Definition)
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4.3.5 GXL

GXL (Graph eXchange Languagéj\[VS0(Q was developed to share data among software reengineer-
ing programs. Every tool represents its data with a graph and hands it over to the other tools. However
it can be used for graph visualisation programs as well. It supports multiple edges between nodes.
Nodes and edges can have attributes with names and values. The current DTD and XML schemas
can be found atGXLO03].

4.3.6 GraphML

GraphMLis the latest attempt to introduce a common graph file format. The initiative was started at
the 8th Symposium on Graph Drawing (200BMNOQ]. There it was decided that the format should

be structured in layers including structure, topology, shape, geometry and rendering. It should also
be extendible to satisfy the needs of special applications. At the Graph Drawing Symposium in 2001
a progress reporBEHT01] was presented. Future work will include modular extension to the basic
features.

GraphML includes support for various kinds of graphs but does not define any properties con-
cerning the visualisation. Extensions do not effect tools which do not know the extensions. XML
schemas and DTDs can be found@t§03.

4.4 Graph Drawing Applications

This section introduces applications for graph drawing. However, most designed for a specific field
of use such as visualisation of process flow diagrams, architectures of modules in software projects
or computers linked in a network.Sfig02 introduces five kinds of applications, including docu-
mentation, monitoring, browsing, graph editors and idea support tools. They all use either static or
dynamic graph drawing techniques. The survey of applications given in this section focuses mainly
on dynamic approaches.

4.4.1 gnuTellaVision

gnuTellaVisiofGTVO03] is a good example of an application of dynamic graph drawing. The layout
and motion algorithmsY{FDHO1] were presented in Sectiorzs3.4and3.2.5 The tool uses these
techniques to allow browsing through the file sharing network Gnutella.

The focused host can be seen in the middle, while the hosts to which it is connected lie on con-
centric lines around it. Every host is represented by a node whose size is proportional to the number
of files stored. Edges symbolise the connections between the hosts. If new hosts are discovered the
layout is adapted. By clicking on another node, the user can choose a new centre of focus. To pre-
serve the mental map all transitions are performed smoothly. The tool allows the user to understand
the structure of the network very easily and quickly.

4.4.2 Visual Thesaurus

TheVisual Thesauruby plumbdesigris a tool using graph drawing to visualise semantic connections
between the words of the english language. The tool acc¥gseBNet[Wor03, which is an online
semantic network providing lexical references between words. Users can type in new words or click
on words already existing on screen to find out which other words are related to the one chosen. The

user can decide which relationships, such as antonyms, “see also”, “is similar to” and so on, should



35

CHAPTER 4. GRAPH DRAWING PACKAGES AND APPLICATIONS

145.249.89.307
o
0]
o oo
el o

)
o o0 &
OO
@ :
’ ®

£62.226.104.136
4662 filas

62.225.212.61:6346 (77 files, 15487 kb)

Figure 4.8: gnuTellaVision is an application of dynamic graph drawing. It allows browsing
through the file sharing network Gnutella. Users can explore the network by focusing on

hosts. Transitions to new layouts are smoothly anima&d03].
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Figure 4.9: The Visual Thesaurus online editiovif03]. The application uses dynamic graph
drawing to visualise lexical references between english words. It shows the users words
which are related to the one chosen and allows navigation within the semantic network of
WordNet Wor03.

be displayed. These words are placed by force-directed placement around the focused word. Nouns,
adjectives, verbs, and adverbs are assigned different colors. By moving the mouse over a word an
explanation can be requested.

The tool can be used as a Java online edit\is(3] (see Figuret.9) or as commercial desktop
edition. The desktop edition is available for sevakahdowsoperation systems ardacintosh OS

4.4.3 Navigating Product Catalogues

The toolOFDAV (Online Force-Directed Animated Visualization) is based on a dynamic spring algo-
rithm presented inHEW9§. The idea of the tool is to present a small subset of a large hierarchy at
any one time. So it does not need to know the entire graph and can display the focus, its neighbour-
hood, and nodes which have been already visited to help in backtracking. It uses smooth animation
and fading.

Since the technique can handle large hierarchies, it can be used in various field$Z0Qj [
it is introduced for navigating product catalogues of online shops. The user can navigate through
the hierarchy and select products which are displayed in a second framkin®3][it is used as a
navigation tool for the author’'s homepage (see Figui€).
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Figure 4.11: Ptolomaeus creates a map of a certain subset of the internet starting at a site
defined by the user. This figure shows a sub-map of the [ICM institute homepage at Graz
University of TechnologyPto03.

4.4.4 Ptolomaeus - The Web Cartographer

Ptolomaeusises a robot for investigating the web. The user can choose a start site, a search depth and
define certain filters. After the robot has finished the structure is represented by a graph displaying the
web sites as nodes and links as edges. Then the user can explore the graph by selecting nodes, zoom-
ing and panning. Figurd.11shows part of the IICM homepage at Graz University of Technology
visualised as a graph using Ptolomaeus.

The tool was developed to avoid the “lost in the hyperspaB&VP8] syndrome. This describes
the problem of finding information in a network, having multiple and broken links, without know-
ing its structure. Ptolomaeus 2.1 is available as Java applicatiowifuows Solaris and Linux
at [Pto03.

4.45 PersonalBrain

PersonalBrainis a dynamic visual representation of the structure of a particular web site. Like the
tools described above it represents the web site structure as a graph which can be used for navigation.
While the graph is shown in one frame, selected sites are displayed in another frame. In contrast to
other tools it does not use any kind of standard graph drawing technique neither for the graph layout
nor for transitions. Transitions are animated very fast so that it is difficult to track the movements of
the nodes except the one which is actually selected.

Figure 4.12 shows a visualisation of the web site structure of cristella.con®3 generated
using the toolSiteBrain which was the old name for PersonalBrain. The current version 2.01 of
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Figure 4.12: Visualisation of the web site structure of cristella.com with SiteBrain available
at [cri03]. SiteBrain is now known as PersonalBraitefr03 and can be used as navigation
help for web sites.
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PersonalBrain can be downloadedR¢f03. A trial version is available for Windows.
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Chapter 5

The JMFGraph Framework

This chapter introduces th#MFGraph graph drawing framework into which the new algorithms
and functionality presented in this thesis was integrated. JBka Modular Framework for Graph-
Drawing (JMFGraph) was initially developed by Alexander Stedile in his Master’s th8s9]l.

The original version was implemented in Java 1.3. It uses SWING for the graphical user in-
terface and does not include any third party libraries. Since it is implemented in Java it uses the
object-oriented programming approach and consists of several modules. The most important mod-
ules include a module providing several static graph drawing algorithms, a module for reading graphs
from input streams, and a module for changing the representations of nodes and edges. Additionally,
a graphical user interface allows interaction and manipulation of graphs.

The new version of the software is now implemented in Java 1.4.2. New modules providing
dynamic graph drawing and export were added. To try out a new concentric graph layout, the module
for graph drawing algorithms was extended. The graph reading module was extended to support the
GraphML file format. Finally, the representation module was extended to draw edges as Lagrange
curves.

The JMFGraph framework is divided into modules which are implemented as Java packages.

5.1 Mediator

TheMediator s the central unit in the framework. It communicates with nearly all other modules
and keeps track of them. It receives and forwards requests coming from one module to another.

To illustrate how theMediator works, consider a request made by the user to change the
layout algorithm. TheGraphical User Interface sends the id of the chosen algorithm to
the Mediator , which forwards the request to thayout Algorithms module. TheLayout
Algorithms ~ module creates a new instance of the preferred algorithm and hands it back to the
Mediator . TheMediator then forwards the algorithm to tHerawing module which updates
the drawing. It also sends requests for new motion algorithms teltien Algorithms module
and forwards the algorithm to tHerawing module.

TheMediator , which is implemented as a single Java class, also takes care that every dialogue
which has been opened using the menu of the user interface is only instantiated once. This is done by
providing singleton instances.

This single class module has not changed substantially from the old version to the new. Only
methods for handling the new requests have been added.
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Input Streams

Representations

v

Input Mode Handler
Zoom Unit
User Interface Mediator Layout Algorithms
Drawing Writer Drawing » Motion Algorithms
Graph

Figure 5.1: The modular architecture of the IMFGraph framework.
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5.2 Graphical User Interface

The Graphical User Interface (GUI) provides a range of possibilities for the user to in-
teract with the program. It consists of a frame including an area displaying the graph, an options
panel, a menu bar and a status bar. The displayed graph can be inspected by using zooming and pan-
ning. If the user requests zooming, B&I communicates with a special zoom unit, which handles

the scaling factors. The options panel and the menu bar provide functionality and dialogues for ma-
nipulating the graph. Besides opening graphs and exporting graph layouts, the user can select layout
algorithms, motion algorithms, node and edge representations and graph orientation. The dialogues
can be used to change properties of layout and motion algorithms, drawing depth and font style. A
special dialogue for displaying the layout created by every step of the layout algorithms is available.
All functions can be activated using the menu, keyboard shortcuts, or the mouse. Keyboard strokes
and mouse events are handled by this module. For everything elseUtheeeds théediator to

perform its tasks.

All dialogues and menu items concerning the properties of the layout algorithms, motion algo-
rithms and changing the drawing depth did not exist in the old version of the module. Also the status
bar, the possibility for exporting the graph layout and for choosing the file format of the graph to open
have been added. Finally, the mouse wheel support, which can be used for zooming and changing the
angles of the concentric layout algorithm is new.

5.3 Zoom Unit

As has already been said above, Zloem Unit is needed by th&raphical User Interface

if the user wants to change the zoom factor of the displayed drawing. This can be done by calling
functions of a scaler which provides several scaling factors. It stores the keys which can be used for
zooming in and out, and the modifier keys to change the factor.

5.4 Input Mode Handler

Thelnput Mode Handler  module keeps track of different modes for reading graphs. Currently
there is a demo mode, which uses a dummy input stream reading a graph from a Java class, and a
file mode. The file mode supports two different graph file formats. fpet Mode Handler

installs the mode requested by tediator . So, if theMediator wants to access an input source,

it is connected to the source which had been installed previously.

Thelnput Mode Handler also installs representations for nodes and edges, communicating
with the Representations module. Generally, thitnput Mode Handler  receives requests
from the Mediator and sends requests onto the modiojeg  Streams  andRepresentations

In the old version file mode was called dot mode, because only the dot file format was supported.
When adding the second graph file format this was changed in accordance with Chap®ere®df

5.5 Input Streams

Thelnput Streams  module provides access to input sources containing graph descriptions. It
includes several parsers for different sources. In demo mode it parses graphs, which are included in
the program hardcoded. In file mode it offers two specific parsers at the moment.
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The new parser for the GraphML file format, which was described in Seét®f only supports
the most important tags. Node tags and edge tags, but no data tags are handled. Since the framework
only implements layout algorithms for directed graphs, all edges are stored as directed edges.

5.6 Representations

The Representations module contains graphical representations for nodes and edges. There
are two representations for nodes available at the moment. The first draws nodes as dots with labels
directly above. The second adds a background to the node label and makes the label clickable. It also
provides a special alignment when using the concentric layout algorithm. It places the label so that
the focused node, the node and its label lie on the same straight line.

The module includes two edge representations. The first draws edges as simple polylines with
an arrow head at the end to show the direction. The second represents etlggeage curves
controlled by the edges’ dummy nodes. A Lagrange curve is a curved line which runs through all
control points.

The original version included the node representation with the simple non-clickable label. As
edge representation, only the polyline representation was provided.

5.7 Layout Algorithms

ThelLayout Algorithms module provides static graph drawing layout algorithms. The module
includes a factory, which hands over the algorithm requested byigaator . The algorithms are
then used to compute the node positions in the drawing plane.

The current implementation includes three different Sugiyama-style layout algorithms following
the approach described in Sectidr8.3 The first is a standard static algorithm. The second was
invented by the developer of the original version of the program and is described in his 8te8ik [

The algorithm computes the layout around a focused node selected by the user. In addition to these
two algorithms, already included in the original version, a third new algorithm is available. It uses the
concentric drawing approach and is described in Chapter

5.8 Drawing

The Drawing module is responsible for visualising the graph. If Mediator sends a request

for a drawing update, thBrawing module applies the layout algorithm and the node and edge
representation to the graph and draws it. This is done by calling the paint methods of every node
and edge object in th&raph module. As a new feature, this module can also send a request to
theDrawing Writer ~ module to hand over an output stream. Then it can call the write methods
instead of the paint methods to write the layout to an output stream.

For dynamic graph drawing this module communicates with the Mewon Algorithms
module. During a transition therawing module hands over responsibility for calculating the inter-
mediate node positions and the draw command tdvtbgon Algorithms module.

Besides the methods needed for the communication withiMibigion Algorithms module
and those for writing the drawing, tHerawing module also has new features for controlling the
drawing depth and painting the new concentric layout. One of those features is for example a method
used for drawing the concentric circles in the background of the new concentric layout.
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5.9 Motion Algorithms

This module is responsible for visualising a transition between two graph layouts. Therefore it pro-
vides several algorithms and sub-algorithms similar to the static layout module M@&tiator
requests a certain motion algorithm, which is created and then applied orédwgng module,
which usesit.

Since the dynamic graph drawing approach is the main part of the new version of the framework,
this module is totally new. It includes a factory for creating the algorithms and one dynamic graph
drawing algorithm which is described in the next chapter.

5.10 Drawing Writer

TheDrawing Writer  module is responsible for writing out the layout of a graph as it is displayed

on the screen to a file. It consists of a factory creating output streams and writers implementing a cer-
tain file format. At the moment there is one writer, for the SVG (Scalable Vector GrapBie§(4

file format. A writer provides several methods for writing certain graphical shapes.

Exporting a graph layout is also a new feature and this module is new to the IMFGraph framework.

5.11 Graph

The Graph module is responsible for storing the actual graph. It includes a data structure holding
the graph and provides several functions like methods for inserting nodes and edges or checking
graph properties. The only function which has been added to this module is a method concerning the
drawing depth of the graph. The method copies the subset of the graph needed for a given drawing
depth and a given focused node.



Chapter 6

Aesthetic Animated Transitions

This chapter describes the introduction of dynamic graph drawing into JMFGraph. The framework
already included a browsing mode and a layout algorithm for a focused node. However, the transitions
from one layout to the next, when the focus changes, were not animated. The user was unable to track
changes from one layout to the next and needed to reassimilate each layout afresh. This can be seen
in Figure6.1

Thus, it was decided to implement a motion algorithm, helping the user to trace the node’s move-
ments during transition. The practical experiences with this approach will be described in the next
section. For a further improvement, a clustering algorithm was integrated, which assigns nodes per-
forming similar motions to the same cluster. The results of the integration of this algorithm are also
described.

6.1 Motion Algorithm

The dynamic graph drawing approach chosen for smooth transitions was first introduéédh [
An overview of the algorithm’s theoretical background is given in Sec3i@?2 Before integrating
the approach into JIMFGraph, a demo application was developed to try out the algorithm.

6.1.1 Demo Application

The demo application implements steps 2 and 3 of the algorithm. As described in Sk2tiine

second step moves the nodes as one rigid object. This is done by computing the affine transformation
matrix which brings all nodes as close as possible to their final positions. The nodes are moved by
interpolating the transformation matrix and multiplying it with the nodes’ starting coordinates. Since
the second step can not move all nodes to their final positions, the third step does this using linear
interpolation.

The application provides a list of sample transitions. The user can choose one and watch the
animation. The transitions show nodes moving from a certain start position to a final position using
the approach described above. There are no edges connecting the nodes and no nodes are faded in or
out, because no nodes are added or removed.

6.1.2 JMFGraph using Rigid Motion

Since the algorithm worked fine in the demo application, it was integrated into JMFGraph. Steps 1
and 4, which fade out nodes from the first layout not belonging to the second layout and fade in new
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& imfgraph.JMFGraph [demo graph: demo graph] (=[5}
Graph _Help Graph _Help

Figure 6.1: Browsing a graph with the old version of JIMFGraph. Selecting another node
changes the focus and modifies the layout. The transition was not animated and caused
users to loose their mental map.

iaix
Start Box with shearing zcaling translation and rotation n

Figure 6.2: The demo application for testing the dynamic graph drawing approad¥&ar].
It provides a list box of sample transitions, from which the user can choose.
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Figure 6.3: (a) Edges can have different lengths in the old (red graph) and new (blue graph)
layout. (b) To make transitions possible dummy nodes have to be attached to the shorter
line. (c) Then the corresponding dummy nodes can be used for the motion as well as the
“normal” nodes.

nodes which were not in the first drawing, were also introduced.

The question arose as to how to animate the edges. Like nodes, edges occurring in both drawings
are visible through out the animation, others are faded out or in. The problem arose that edges, which
are represented by polylines, do not always have the same lengths in both drawings. So it might
happen that an edge has a length of one in the first drawing and a length of two in the second drawing
(see Figures.3).

As can be seen in Figu@3(b), this problem can be solved by inserting additional dummy nodes.
As many dummy nodes have to be inserted, such that every dummy node in one drawing has a
corresponding dummy node in the other drawing. The dummy nodes should be inserted so that they
are equally distributed along the edge. All dummy nodes are then treated like “normal” nodes, and
are included into the computation of the affine transformation matrix.

In Figure6.3(b) another potential problem can be seen. In this drawing, all three nodes (including
the new dummy node) lie on the same straight line. However, the computation of the affine trans-
formation matrix requires three non-collinear points. Most of the time this edge will not be the only
edge, so there will be enough non-collinear nodes. If there are many nodes, the clustering approach
can help assign non-collinear nodes to the same clusters and compute their transformation matrix.
However, the problem can not be avoided entirely. To solve this problem, a heuristic approach was
tried, which slightly changes the nodes’ coordinates. Since this can be seen in the drawing and does
not work all the time, it was decided to perform simple linear interpolation in this rare case.

It is important to have the edges in the transition. However, the user should concentrate on the
nodes and if the graphs are very dense, edges can cause considerable distraction. So it was decided to
decrease the edge opacity during transition. The user can change this setting through the GUI.

6.2 Motion Clustering

To improve the results achieved by the rigid motion algorithm, it was decided to use a motion clus-
tering algorithm. The k-means algorithm chosen was introducedHi®{], and is described in Sec-
tion 3.2.3

The algorithm groups nodes performing similar motions together into clusters. The number of
clusters can be set by the user. The user can choose a value between one and ten. This sets the
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Figure 6.4: JMFGraph’s Motion Properties dialogue for setting properties concerning the dy-
namic graph drawing algorithm.

maximum number of clusters. Since every cluster has to have at least three nodes to be able to
compute the transformation matrix, the program checks that the number of clusters does not exceed
the number of nodes divided by three.

No special strategy for the initial partitioning is used. Clusters are filled one after the other.

6.3 User Interface

The user can control the dynamic algorithm through the motion properties dialogue (seeG-fyure
provided by the GUI. First the dialogue provides sliders to set the speed for fading and transitions.
The user can adjust this by setting the times used to fade in and fade out nodes and edges, to perform
the rigid motion, and to do the final positioning. The user can adjust the number of clusters and the
opacity of the edges during transition. It is also possible to disable the motion algorithm if the graph
should be browsed without any dynamic transitions.

6.4 Example of Dynamic Transition

Referring to Figures.1, where no motion algorithm is used for the transition, this section shows a
transition using the dynamic approach. The layout is computed with a drawing depth of three, which
means that all nodes having a distance of up to three from the focused node are included in the layout
(see Sectior.1for further explanations on the drawing depth).

Figure 6.5 shows the transition using the motion algorithm with one cluster. It can be seen that
the affine transformation can not transform the nodes to their final positions. The whole graph is
translated, rotated sheared and scaled to a position near the end position. In this case, the entire graph
is animated according to the average motion over all nodes, which can achieve only very approximate
positioning. The real positioning is performed by the linear interpolation step starting after picture
5 until the final layout is reached in picture 8. Picture 2 shows the fade out process of the removed
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nodes and edges and picture 9 shows the fade in of the new nodes and edges.

Figure 6.6 shows the same transition using a maximum of four clusters. The rigid motion step
can transform the nodes to their final positions. No motion is performed by the linear interpolation
step. Pictures 2 and 7 show the fading steps.
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Figure 6.5: Smooth transition using one cluster for the rigid motion step. Since motion is
averaged over all nodes only a very approximate positioning for each individual node can
be achieved (pictures 3-5). The final positioning (pictures 6-8) is performed in the linear
interpolation step. Pictures 2 and 9 show the fading process.
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Figure 6.6: Smooth transition using four clusters for the rigid motion step (pictures 3-6). The
nodes can be transformed exactly to their final positions. No linear interpolation has to be
done. Pictures 2 and 7 show the fading process.



Chapter 7

Concentric Sugiyama-Style Layout

This chapter describes a new Sugiyama-style graph drawing layout algorithm. It uses a drawing
convention placing nodes on concentric lines and representing edges either as polylines or curved
lines. Since JMFGraph supports dynamic browsing, a suitable concentric drawing algorithm was also
developed.

In the literature, concentric layout algorithms are mostly used for drawing trees (see Chap-
ter 2). The concentric algorithms presented for (directed) graphs either adapt the algorithms for
trees YFDHO1] or follow other strategies using the full angle of 360 degre€s(8q,[RM88]). The
algorithm needed for IMFGraph has to split the full angle into two sectors because incoming nodes
should be displayed in one half and outgoing nodes in the other half.

7.1 Drawing Depth

In IMFGraph, the dynamic graph drawing approach is used to help the user to explore very large
graphs. This is done by showing the user only a subset of the entire graph around the focussed node
and animating the transitions from one subset to the next when the focus changes. The user can
control the size of the shown subset by setting a drawing depth. Since the framework works with
directed graphs, there is an incoming and an outgoing drawing depth. The drawing depth defines the
maximum distance from the focused node that a certain node can have to be included in the drawn
subgraph. Assuming an outgoing drawing depth of two, all nodes that can be reached by following
two outgoing edges starting at the focused node would be included in the drawing.

The algorithm for computing the subset of nodes to be included works like a breath first search
algorithm. First, a breadth first search is performed in the direction of incoming edges starting at the
focused node. All nodes, which can be reached by following the incoming edges of the nodes found
in the previous iteration step are included. This is done until the maximum incoming drawing depth
is reached. To avoid loops, nodes which have already been visited are stored. The same is done for
the outgoing drawing depth, by following outgoing edges. Since the graph can be cyclic, the same
nodes can be found by both the incoming and the outgoing search procedure. When the search for
nodes has finished, it has to be decided which edges should be visualised. All edges of both directions
belonging to the full graph and connecting two nodes, which both belong to the computed subset are
shown.
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7.2 Concentric Sugiyama-Style Layout Algorithm

The new concentric layout algorithm follows the hierarchical graph drawing approach described in
Section2.3.3 It is split into the four steps of the original Sugiyama algorithm presente® i §1:

layering with integrated cycle removal, crossing reduction, x-coordinate assignment and a fourth step
mapping the layout to the drawing space.

It computes the layout with respect to a focused node selected by the user, which is placed in
the middle of the drawing. The other nodes are aligned on concentric circles around the focus node.
Incoming nodes are placed to the left of the focus node and outgoing nodes to the right.

7.2.1 Layering

The layering step assigns every node to a certain layer. The focused node is placed iry Jayién
1 < f < n andn defining the maximum number of layers. Incoming nodes are assigned talayer
with 1 < i < f and the outgoing nodes are placed in laggmwith f < o < n.

It first has to be decided which nodes belong to the incoming half and which nodes belong to the
outgoing half. In principle, nodes which can be reached by following outgoing edges starting at the
focus node belong to the outgoing set and nodes, which can be reached by following incoming edges
belong to the incoming set. Since the graph can be cyclic, some nodes can be reached by incoming
and outgoing edges. To solve this problem, it was decided to use a breadth first searching algorithm.
The search starts at the focused node and proceeds in both directions. A node is assigned to the search
set, which finds it first.

Once the set of nodes is split, a layering algorithm can be applied to both sides of the focused
node. Two layering approaches are implemented. They are both called hourglass algorithms, because
the shape of the layout with the focused node in the middle and the incoming and outgoing nodes at
the sides resembles an hourglass.

Hourglass Longest Path Layering Algorithm

The Hourglass Longest Path Layering Algorithisithe longest path layering algorithm introduced

in [ES9(Q, applied to both incoming and outgoing set of nodes. The original longest path layering
algorithm, already implemented in the original version of IMFGraph, works as follows. It assigns all
sinks which are nodes with no outgoing edges, to the lowest layeAll other nodes are assigned

to the layerL,,,, wherem is the length of the longest path betwaeand a sink ES9JQ. On condition

that no edges between nodes in the same layer are allowed, this algorithm assigns every node to its
lowest possible layer.

The algorithm is applied to the two sets of nodes as follows. For the incoming node set the sinks
are assigned to laydr,_;. In this case, sinks are nodes with no outgoing edges except those going to
the focused node or to the outgoing node set. All other incoming nodes are assigned forlayey;
with m being the length of the longest path between the incoming nodes and their sinks. So, for
the incoming node set the algorithm works as the original one, but with reversed indices. For the
outgoing node set, nodes with no incoming edges (except those coming from the focused node or the
incoming node set), are assigned to lager ;. All other nodes are placed in lay&t 1., wherem
is the length of the longest path between the nodes argbilmees Figure7.1(a) shows the hourglass
longest path layering algorithm applied to a sample graph.

A similar algorithm was used byudgen Schipflinger in his Master’s thesiSdh98. He used a
Sugiyama-style algorithm to display the incoming and outgoing links of a selected document in the
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(d)

Figure 7.1: Steps of the concentric Sugiyama-style layout algorithm with hourglass longest
path layering. The images show an example graph after every step of the layout al-
gorithm. (@) layering (hourglass longest path), (b) crossing reduction (global sifting),
(c) x-coordinate assignment (priority layout method), (d) final concentric Sugiyama-style
layout.



CHAPTER 7. CONCENTRIC SUGIYAMA-STYLE LAYOUT 56

File Edit Navigate View Anchors System Options Help ||| File Navigate Anchors Document Display Help
R EE N Live ¥ Loop | [ Anchors

|| The subterranean connections

:Fl| The mediterranean flora

The interior of the castle hill

gFl| Integration of the Cerrini—Schléssel

The provincial exhibition of Styria in the year 200

The City of Graz
Graz—Intro (English)
Map of Graz

| i} ] [
The provincial exhibition of Styria in the year 2000: "Castle Hill"
User: anonymous Host: wwew.licr.edu

Generate | I Options | Close | Help

Castle Hill - 3D Animation

SchloBberg Einfithrung E Future I@
The Castle Hill Collection z| beatCastle-Hillheart 2| Castle Hill - 3D Animation
Castle Hill Introduction % schlagSchloBbergherz ' SchloBberg - 3D Animation References

beatCastle-Hillheart

= 1L i
Castle Hill Introduction 12 nodes around: Castle Hill - 3D Animation |i

Figure 7.2: TheHarmony Local Mapntroduced by Urgen Schipflinger in his Master’s the-
sis [Sch9§. An hourglass shaped Sugiyama-style layout is used to display incoming and
outgoing links of a selected document.

Harmony Local Mapwhich is part of the graphical interface to thiyperwaveinformation server.
Figure7.2 shows the hourglass shaped layout.

Hourglass Breath First Layering Algorithm

Alternatively to the longest path layering algorithm, theurglass breadth first layering algorithm

was implemented. It is based on the idea that every node should be on the circle corresponding to the
depth of the node. For example, if a node has a distance of two from the focused node (depth two),

then it would be assigned to the second circle. The number of circles needed is never higher than the
drawing depth, which is not the case when using longest path layering.

The algorithm uses again a breadth first searching algorithm. It starts at the focused node and
proceeds in both directions (incoming and outgoing). The nodes are assigned to the layer with the
number of the iteration step where the node was found for the first time. This can lead to edges within
the same layer, as can be seen in FiguBa). When a “traditional” Sugiyama-style algorithm with
straight line layers is used this should be avoided, because several edges within the same layer could
cover each other and make unclear which edge connects which nodes. Using concentric layers this
case causes no problems as can be seen in Fig8(@), which shows the final layout. There are
also more backward edges than in the layout generated using the longest path algorithm. However,
it brings the nodes to the layers corresponding to their drawing depth, which corresponds better to
users’ expectations.
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(b)

(d)

Figure 7.3: Steps of the concentric Sugiyama-style layout algorithm with hourglass breadth
first layering. The images show an example graph after every step of the layout algo-
rithm. (a) layering (hourglass breadth first), (b) crossing reduction (global sifting), (c)

x-coordinate assignment (priority layout method), (d) final concentric Sugiyama-style
layout.
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7.2.2 Crossing Reduction

The crossing reduction step computes a permutation of the nodes in every layer which minimises
the number of crossing edges. To achieve tiidbal siftingas presented ilrMSM99] is used. This
algorithm was already implemented in the original version of IMFGraph and is also used for the other
two Sugiyama-style algorithms.

For one node, sifting means moving the node within its layer, by repeatedly swapping it with
its neighbours to the leftmost position then to the rightmost position. Storing the number of edge
crossings at each position, the node can be set to this position with least crossings when sifting is
finished. Globally, for all nodes, the algorithm works as follows. A list of all nddes(iy, ..., 1,)
with /;eV of the graphG = (V, E) is made. The list is ordered descending by the node’s indegree.
Then all nodeg;, i from 1 to n, are sifted in their layer. If this process does not reduce the number of
edge crossings a fail counter is incremented and the list is reversed before the second trial. Otherwise
the second trial is made with the same order. After the second loop the list is reversed in any case and
the whole process is repeated until the number of fails exceeds a maximum number bf$A1S 9.

Figures7.1(b) and7.3(b) show the layout after the crossing reduction step has been applied. It
can be seen that the algorithm can remove more crossings if it is applied after longest path layering.
On the other hand, the layout generated using this layering needs more layers than the one obtained
by breadth first layering.

7.2.3 X-Coordinate Assignment

As described in SectioB.3.3the idea of the x-coordinate assignment step is to align the nodes in
their layers in a way that bends are reduced and symmetry is enhanced, without changing the order
computed in the crossing reduction step. Like in the layering step an algorithm invented for a “tra-
ditional” Sugiyama approach is applied here to both sides of the hourglass individually. The used
algorithm has also already been implemented in the first version of IMFGraph. It is the method used
by Sugiyama for the original version of his algorithm. The approach is cpliedty layout method

and is introduced ingTT81].

The original version of the heuristic performs three sweeps through the layers. It starts with a
DOWN sweep from layek., to L,,, then goes UP again froify, to L; and ends with another DOWN
sweep fromL, to L,, with (2 < t < n). At every layer the nodes are ordered by priorities. Dummy
nodes are assigned the highest priority. All other nodes are assigned a priority corresponding to the
number of neighbours the node has in the upper (for DOWN sweeps) or in the lower (for UP sweeps)
layer. Then, starting from highest to lowest priority, the nodes are assigned x-coordinates moving
the node as close as possible to the barycentre of the positions of its neighbours in the upper (lower)
layer. This is done without changing the order of the no&asTB1].

This approach is applied to the concentric layout method as follows. The first sweep process starts
atlayerL,_; goes toL; and back ta_ . Since the hourglass layout is a tree structure having its root
at the focused node, it is better not to sweep badk toT his would destroy the tree structure obtained
by the last sweep. The same is done for the outgoing nodes by sweeping franto L,, and going
back toL;. Since the layer of the focused node is changed by this last sweep, the whole right half has
to be shifted so that the focused node returns to the position it was in before the approach was applied
to the right half. It is clear that the x-coordinate assignment is in fact a y-coordinate assignment
in this case because the concentric layout is aligned horizontally and not vertically like the original
Sugiyama layout.

Figure 7.1(c) shows that the step really reduces the number of bends in the polylines. It also
brings symmetry into the layout. This can also be seen in FigLae) where it moves the focused
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node to a relatively central vertical position.

7.2.4 Final Concentric Layout

The drawing is finished by removing the dummy nodes and mapping the node positions obtained
by the last step to corresponding coordinates in two dimensional space. In a horizontal drawing the
node’s layer becomes its x-coordinate and the position in the layer the y-coordinate, both with a
certain scale and offset. For a concentric layout another mapping algorithm, computing the angles
and distances from the focused node, is needed.

The algorithm maps the layers to concentric circles. This is done by putting the focused node,
which is in layerL, in the middle. Then layeL ;_; is mapped to the left half of the smallest circle
Cy and layerL ;. toits right half,L;_, and L, to Co and so on.

When using a traditional mapping of a layer to a straight vertical line space is infinite; that is not
the case when mapping to a circle. A first approach to solve this would be to divide théy 8te
number of nodes plus one in every layer. So if there would be two nodes in a layer, the first node
would be at angle 60and the second at 120The effect of doing this for every layer can be seen
in Figure7.4(b). Since the number of nodes in every layer can be different, nodes which have been
assigned to the same positions in two different layers by the previous step (see7=igayenow lie
at different angles. Symmetry and bend reduction are lost.

The solution can be seen in Figutel(c). First, the highesip,...) and the lowest;,;,,) position
of all layersL; s is determined. Then the angleis computed such that:

180°
o =
’pmaa: - pmin| + 2

A node lying at positiom; is always drawn at angle- (pnq. —p; +1) for all layersL;. ;. Nodes
keeping the same positions in different layers lie on the same radial line. So symmetry and straight
lines are preserved. The same is done for laygts using angle3, which can be different than.

This is all true if the radius of every circl€; is ¢, - i.

Sometimes the user wants to allocate more space to the incoming sector than to the outgoing
sector or the other way around. In this case, the’ i8@imply replaced by the chosen angle. For
example, if there are very few incoming nodes and many outgoing nodeané8@70 could be used.

Or if there are few nodes on both side$ @d 90 might be chosen.

It happens often that edges extend from one half into the other. Then they are routed through the
focus layerL ; and the focus node is not the only node in its layer. Dummy nodes are placed above
and below the focus node in the focus layer to accomodate edges which cross from the incoming to
outgoing sectors or vice versa. The maximum of the number of dummy nodes below and above the
focus node has to be computed. Then the distance that should separate the dummy nodes is computed
by dividing the radius ¢, by this maximum plus one. When 18@ used for the incoming and
outgoing sector then the dummy nodes can be placed on two vertical lines below and above the focus
node separated by the computed distance (see Figi(@). If one side uses more than *&Bese
lines have to be rotated. FigureS(b) shows a layout where the sector for the incoming nodes has
280 and the outgoing 80 The lines for dummy nodes are rotated-b§0° (= (280° — 180°) = 2).

7.3 User Interface

The concentric Sugiyama-style layout offers certain possibilities for user interaction. Two different
layering algorithms available. The user can make a selection by using a special layout properties
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Figure 7.4: (a) shows a layout after x-coordinate assignment step. Nodes (including dummy
nodes) have been assigned to layefsand positiong;. (b) and (c) show a mapping
of the layers from (a) to concentric circles. In (b) nodes are evenly distributed in every
layer. Bend reduction and symmetry are lost. In (c) nodes keeping the same positions
in different layers are assigned to the same angle which preserves bend reduction and
symmetry.
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(a) (b)

Figure 7.5: Edges between incoming and outgoing nodes are routed through the focus layer
L¢. (a) shows a layout, where the incoming and outgoing sector both have angles of
18C. In this case the dummy nodes iry lie on two vertical lines. In (b) the sector for
the incoming nodes has 28@nd the outgoing 80 Here the lines for the dummy nodes
are rotated byt-50°.

dialogue (see Figur&.6). The same interface can be used to define the radius for the concentric
circles. The radius can also be modified using the left and right arrow keys. The incoming and
outgoing angle can be adjusted by using the layout properties dialogue. The user can also adjust the
angles by holding th&HIFT-key and turning the mouse wheel. All these modifications to the layout

are updated immediately.

Layout Properties x|

Concentric Properties: |

Layering Algorithm: IHourgIaSSLongestPathLayeringLI
|

Concentric Circle Radius: |IIIIIIIIIKIIIIIIII'IIIIIIIII|IIIIIIIII|IIIIIIIII|
g0 100 120 140 160 180

Incoming/Outoing Angle: 220 140=

Figure 7.6: The User Interface Dialogue for Concentric Layout Properties can be used to select
a layering algorithm, define the radius for the concentric circles and adjust the incoming
and outgoing angles.
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7.4 Comparison with Circular Tree Drawing

The layout of a traditional circular tree drawing algorithm is described in Seti®d Such an
algorithm can not be applied to general graphs without modificationYRDHO1] this is done by
removing edges creating cycles and reinserting them later on. However, this allows no control over
edge crossings. The concentric Sugiyama-style layout reduces the number of edge crossings in the
crossing reduction step by considering all edges.

Inacircular tree drawing a sector is assigned to every subtree which is proportional to the subtree’s
size. However, nodes can still not be distributed arbitrarily over the whole sector, because edges
going from a node on one layer to a node on the next could leave the so aatietls wedgésee
Figure7.7). This can cause edge crossing8ETT99. When drawing trees this problem can be
solved by computing the angle of the tangent and placing neighbouring nodes only within this angle.

It is not possible to reserve an annulus wedge for a subgraph, because subgraphs can intersect each
other in the plane. So when using the concentric Sugiyama-style layout such escaping edges can
occur from time to time. Sometimes they can disturb the layout, not when crossing other edges but
when two edges cover each other.

annulus wedge,

escaping edge

\

tangent

Figure 7.7: This shows the possibility of escaping edges when using a circular tree drawing.
The same can happen in the concentric Sugiyama-style layout. This figure is based on a
drawing in dBETT99.

7.5 Example Concentric Layout

The concentric Sugiyama-style layout leads to very pleasing drawings. It strenghtens the impression
of watching a focused node and its neighbourhood by using the circles. While a layout using node
placement on parallel lines is limited by the area of the drawing plane, the concentric layout is limited
by the circumference of the concentric circles. If two layers are to be inspected and the radius is
adjusted such that the second concentric circle fits inside the plane, then about a hundred nodes can
be aligned on the second circle using JIMFGraph. A parallel line layout on the same size plane could
never show a hundred nodes in one layer. When showing a focused node and its neighbourhood the
innermost circles are the most important.
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The layout algorithm also works well with the dynamic graph drawing algorithm described in
Chapter6. Figure7.8shows a transition using these two algorithms. To make the drawing even tidier
Figure7.8 shows also the use of curves instead of polylines. This technique will be described in the

next chapter in more detail.
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Figure 7.8: Using concentric Sugiyama-style layout together with the dynamic graph drawing
algorithm described in Chaptér The use of curves instead of polylines can also be seen.



Chapter 8

Selected Detalls of the Implementa-
tion

Besides the two main inovations described in the last two chapters, there are also some other new
features in the current version of IMFGraph. The most interesting will be described in this chapter. It
includes a description of the parser for the GraphML file format, the approach for drawing polylines
as Lagrange curves, and the export tool for saving the layout of the graph as an SVG file.

8.1 GraphML Parser

The GraphML [Gra03 (see Sectior.3.9 file parser is the second parser besides the dot file parser
for reading graphs from files. GraphML is a very new standard and does not introduce any standard
parameters for visual representation. Since it is expected that modular extensions will be presented in
the future, it was decided to implement a parser reading onlyleee> and<edge> tags for now.

The responsible parser class is cal@phMLFileParser and is included in the package
jmfgraph.inputmode.file . Since only two kinds of tags have to be processed, the parser uses
Java’s SAX2 (Simple API for XML Parsingackage. Instead of reading the whole XML hierarchy
into a datastructure this API provides the possibility to process every element immediately. Every
time an element is read, it is decided if it iscaode> or <edge> tag. Data tags are ignored for
now. All edges are registered as directed edges, because JMFGraph provides only layout algorithms
for directed graphs.

8.2 Lagrange Curves for Long Edges

Edges in a hierarchical layout of a graph that connect nodes in non-adjacent layers are controlled by
dummy nodes in every layer they pass. Since the dummy nodes can have different x-coordinates, the
edges can have bends. Such edges can be represented either by polylines or curves. Two important
types of curves which use control points &ezier splineandB-splines A property of those types

of curves is that the control points define the directions of the curved segments, but the control points
do not lie on the curve. When thinking of Sugiyama-style algorithms, where the crossing reduction
step determines the order of the nodes in each layer, it is important that the dummy nodes in the final
layout preserve this order. To ensure that the curves actually go through the dummy nodes calculated
in the layout, it is necessary to use another type of curve.
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(a) Lagrange curve

(b) Bezier curve

Figure 8.1: Comparison of a Bezier spline and a Lagrange curve. (a) shows a Bezier spline. It
can be seen that the control points are not part of the curve. (b) shows a Lagrange curve.
All control nodes lie on the curvespl04.

In contrastLagrangecurves really do go through their control nodes. The theory of the compu-
tation of Lagrange polynomials is introduced &p|04. Generally, all these curves are not drawn
by using arcs of circles, but by using chains of short straight line segments. The step size which
determines the lengths of the line segments is chosen to give the impression of curves.

Figure8.1[Spl04 shows a comparison of a Bezier spline and a Lagrange curve. The curves are
drawn as red lines, while the control nodes and straight line connections between them are drawn in
blue. It can be seen that the Lagrange curve (a) includes its control nodes while the Bezier spline (b)
does not. However, to achieve this the oscillation of the Lagrange curve has to be much higher. These
oscillations can lead to edge crossings between layers.

Figure 8.2 (a) shows a layout with several long edges represented as polylines with sharp cor-
ners. In (b) polylines are replaced by Lagrange curves. Using curves leads to more aesthetically
pleasing layouts. Curved edges can be traced by the viewer more easily than polyline edges with
bends WPCMO02.

8.3 Exporting the Graph Layout as SVG

Another additional feature of the current version of IMFGraph is the possibility of exporting graph
layouts to a file. The vector graphics format SVG (Scalable Vector Graphics) was chosen as the
file format. SVG is an XML based file format for web graphics developed by\hdd Wide Web
Consortium (W3C)W3C04. The specification of its current version 1.1 can be foundsatG04.

SVG files can be viewed in web browsers by usingAldebe SVG VieweiThe current version 3.0 is
available at Ado04).

Since they are composed of vector graphics elements and shapes, SVG files are freely scalable
without loss of quality and the introduction of artefacts.

The implementation of layout export is realised using the factory design pattern. The factory
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(a) Polylines

(b) Lagrange curves

Figure 8.2: Comparison of a layout once using polylines (a) and once using Lagrange curves

(b).
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jmfgraph.drawing.DrawingWriterFactory can be used to create new instances of all
registered drawing writers which extend fhd@graph.drawing.AbstractDrawingWriter

class. At the moment the SVG writer is the only one. Further writers for other file formats can be
added by registering them jmfgraph.InstallReg and adding the new class to the package
jmfgraph.drawing.writer . Writers have to implement the following methods:

public void open(OutputStream output_stream)

public void writeHeader(int width, int height)

e public void writeLine(double x1, double yl1, double x2, double y2,Color color,
double stroke_width, boolean dashed)

e public void writeCircle(int x, int y, int radius, Color color,
Color fill_color, int stroke_width)

e public void writeRectangle(double x, double y, double width, double height,
Color color, Color fill_color, int stroke_width)

e public void writeText(String string, int x, int y, String font_family,
int font_size, boolean italic, boolean bold,
Color color)

e public void close()

The SVG writer exports the layout exactly as it is displayed on screen and stores it to a file of
the user’s choice. Figur@ 3 shows a drawing in JMFGraph and the exported drawing opened with
Adobe’s SVG Viewer plugin. The marking of the focused node and the concentric circles of the
concentric Sugiyama-style algorithm are not exported to the SVG file, because these things do not
belong to the graph layout as such, but are displayed to help the user during browsing.
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Figure 8.3: (&) shows a concentric graph layout as it is displayed in IMFGraph and (b) as it

is displayed with Adobe’s SVG Viewer plugirflo04] after exporting it to the vector
graphics format SVG.



Chapter 9

Outlook

9.1 General Trends

Graph drawing packages including any kind of dynamic graph drawing approach are rather seldom.
As summarised in Chapté; only a few tools currently include dynamic drawing methods. Most
software are demonstration applications for new algorithms. One reason for this might be a lack of a
well-founded theory behind the dynamic graph drawing approach, in contrast to static graph drawing.
Sporadically, some algorithms have been published over the last few years. It will be seen in the next
years if the approach presented REQZ will gain in popularity and be used in more applications.

User testing will have to be performed in future to find out which kind of transitions require the
least effort on behalf of the user to track. It would also be important to test clustering algorithms for
the dynamic graph drawing approach to find out how many individual movements can be tracked by
the viewer. Also, the matter of choosing the right speed for transitions is a field of possible future
investigation.

Applications using dynamic graph drawing to help the user navigate through the web, as done
by tools described inHer03, are quite rare. Many users have problems finding their way through
websites, which are not well-structured. Using such maps in a second frame could improve the
orientation of users.

There has been a lack of a real standard format, for storing and exchanging graphs between
applications. The introduction of GraphML has possibly solved this problem. Since most of important
graph drawing organisations support GraphML, it should become a real standard over the next few
years.

9.2 Ideas for Future Work

Since “... all good things must come to an en@% (in the words ofQ in the final episode of

Star Trek - The Next Generatiprthere are still many possibilities for improvement of IMFGraph.
The focus of this thesis has been on the introduction of the dynamic graph drawing approach into
JMFGraph and the development of a suitable layout algorithm. Hence, not all of the suggestions for
improvements made irSfe0] were realised.

Sugiyama-style algorithms can have long running times when laying out very large graphs. Es-
pecially the computation time for the crossing reduction step can be very high. Therefore, it would
be a good idea to start the layout algorithm in a separate thread. The user interface would then still
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respond while the layout is beeing computed and the user could cancel the drawing if it takes too
long.

For now, the dynamic drawing approach is used to animate transitions from one layout to the
next, if the focus changes. It would be nice to animate all modifications made to the layout. Since
JMFGraph includes a mode where the user can jump between the steps of the layout algorithm, it
would be a good idea to animate the transition when moving a step forward or backward. Especially
for the crossing reduction step, this would have great eductional value if the viewer could see how the
nodes change their positions in a layer. Also the switch to another layout algorithm or zooming could
be smoothly animated.

There are also possibilities for improving the clustering algorithm currently used. The strategy
for initial partitioning currently used just fills cluster by cluster. By changing this and using a prepro-
cessing step lik&dge Eliminatiordescribed inffHO1] the results could be improved.

The layout export to SVG stores the static drawing as it is displayed on screen. Since SVG also
supports animations it would be possible to export whole transitions to SVG. Then no screen capture
tools would be needed anymore if a transition should be stored. Since SVG is vector oriented, file
sizes would be small and the quality would be excellent.

The user interface of IMFGraph is a mixture of user and programer viewpoints. For example,
the layout and motion algorithms can be choosen from a list box where their real classnames are
displayed. This is done to pass the algorithm name directly to the factory which creates a new instance
for it. In an end-user application, such things would have to be changed. When in browsing mode it
would be quite a good idea to store the history of focused nodes, so the user could go back.

The GraphML parser in IMFGraph only processes the most necessary XML tags for nodes and
edges. If there are standard extensions in future, the GraphML parser should be adapted to understand
those tags as well.



Chapter 10

Concluding Remarks

In this thesis a new graph drawing approach was presented, which can be used to dynamically explore
very large graphs. It consists of a new Sugiyama-style layout algorithm, which places nodes on
concentric circles around a focused node and a dynamic graph drawing algorithm which smoothly
animates transitions, when the user sets the focus to another node. This approach was integrated into
an existing framework for graph drawing calldMFGraph (Java Modular Framework for Graph
Drawing), which is described ingte0].

Since the original version of IMFGraph changed the graph layout immediately when the user
selected another focus, the use of dynamic graph drawing became necessary. When viewing a drawing
with several objects, users create their own mental map and remember the relative positions of the
objects. If the layout changes dramatically from one second to the next, the user looses this mental
map and the orientation is lost. Using smooth transitions the mental map can be preserved. The new
layout algorithm improves the orientation process for the user still more. With its concentric layout
the viewer of the drawing can immediately recognise, which node is focused and which nodes are in
its neighbourhood.

In Chapter2, the most important existing static graph drawing approaches were presented. Tra-
ditional, Sugiyama-style algorithms and their steps were described. Also the necessary definitions
concerning graph theory and graph drawing in general were introduced.

Chapter3, introduced the dynamic graph drawing approach, which tries to preserve the mental
map by calculating smooth transitions to a new layout, with as few changes as possible. The orig-
inal rigid motion approachHEOZ and the k-means clustering technique for dynamic graph draw-
ing [FHO1] were described.

Chapter4 gave a survey of graph drawing packages and applications. The relative rarity of dy-
namic graph drawing approaches in existing software packages was noted. Also the difficult path
towards a common graph file format was summarised.

Chapters explained the structure of IMFGraph by giving an overview over the responsibilities of
each module. It was indicated which things were new and which were changed compared to the first
version of JIMFGraph.

In Chapter6 the dynamic part of the new graph drawing approach was introduced. It was ex-
plained how the algorithm invented Byiedrich and Eadesvas adapted to be usable for a Sugiyama-
style layout. Also the usage and results of the k-means clustering algorithm was shown. The advan-
tages of browsing supported by smooth clustered transitions in contrast to immediate layout changes
was shown.

The new static layout algorithm, which places nodes on concentric circles, was described in Chap-
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ter 7. It was explained why existing circular approaches are not applicable to directed graphs with
a focused node and incoming and outgoing neighbours. Each step of the algorithm was then de-
scribed in detail. Two different layering algorithms were presented, both creating hourglass shaped
layouts. It was shown how the mapping to the concentric circles preserves straight lines. Finally, the
new algorithm was compared to circular tree drawings and the combination of motion algorithm and
concentric layout was shown in an example.

Chapter8 covered some of the interesting details of the other new functionality in IMFGraph.
The Java architecture of the GraphML parser was described. The choice of Lagrange curves instead
of Bezier splines for representing edges including their control nodes was explained. Finally, the
SVG export module for storing graph layouts and the simplicity of adding further file formats was
explained.

Chapter9 introduced personal ideas of future trends concerning graph drawing and suggestions
for further improving JMFGraph in the future.



Appendix A

JMFGraph User Guide

A.1 The JMFGraph Work Area
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Figure A.1: This figure shows the work area of JIMFGraph. Menu BR), (Tool Bar 8),

Drawing Pane(), Status Bar), Layout Tool Bar E), Transition Tool Bar [F), Repre-

sentation Tool BarG).

FigureA.1 shows the work area of IMFGraph. It consists of a drawing pane (C), where the graph
is displayed, a menu bar (A), a tool bar (B) and a status bar (D). All functions can be accessed either

by using the menu or the tool bar.

Using theLayout Tool Bar(E) the static layout algorithm used for computing the layout of the
drawing can be chosen. The orientation of the layout can be modified by selecting one of the four
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checkboxes. The user can selgd¢bottom up) oiD(top down) for creating a vertical layout b right
left) or R(left right) to create a horizontal layout. For further information on layout algorithm proper-
ties see SectioA.6.

If the chosen layout algorithm supports dynamic exploratidbpn@mic Sugiyamar Dynamic
Concentric Sugiyamahe mouse can be used to select the focused node. A new layout with the new
focus in the centre is computed and displayed in the drawing pane (C). To enable smooth transitions
between the old and new layout, the checkbox intthesition tool bar(F) has to be enabled. Using
the list box in the transition tool bar a dynamic graph drawing algorithm can be selected, which is
used to compute the transitions. Special properties for the motion algorithm can be defined by using
the dialogue described in Sectidb.

TheRepresentation Tool B4(G) can be used to change the graphical representation of nodes and
edges. When using the node representafots with clickable Label# is possible to change the
focused node by clicking on its label. If labels cover each other partially, the right mouse key can be
used to bring a label to the foreground. To change the labels’ fonts see S&@&ion

The leftmost display in th8tatus BairD) shows the number of nodes and the number of directed
and undirected edges of the entire graph currently opened. In the centre the current incoming and
outgoing drawing depths are displayed. On the right hand side, the current zoom factor can be seen.

A.2 Importing and Exporting Graphs

A graph can be opened from a file by selectitig > Open File A dialogue opens where the user can
first choose one of the supported file formats and then select a file. Another possibility is to choose
one of the demonstration graphs, which are available by sele€ilemg Open DemoThe dialogues

are also accessible via keyboard shortcuts by typing Cmd + O or Cmd + D.

If the user wants to export the layout of the graph as it is displayed on screen, this can be done by
choosingrile > Export Drawingor typing Cmd + E. A dialogue opens, where a supported file format
and a file name can be chosen. Currently, it is only posssible to export graph layouts in SVG format.

A.3 Changing the View and Font Properties

To change the magnification of the displayed drawing the user can use the zoom toold/ievthe
menu. To zoom in, eitheview> Zoom Inor View > Zoom In ++, for larger steps, can be chosen.

The same can be done by typing + or turning the mouse wheel up, for small zooming steps, and
using Page Up for large zooming steps. For zooming \dety> Zoom Out View> Zoom Out ++

-, turning the mouse wheel down or Page Down can be used. To alter the zoom factor Alt or Cmd
can be additionally pressed. While Alt decreases the zoomfactor, Cmd increases it. To return to the
default magnification eithériew> View 1:1from the menu can be chosen or Home can be typed. All
shortcuts are summarised in TaBle.

When zooming out of the drawing labels can become too small to read or too large when zooming
in. To adjust the font properties, the font chooser tool (see Figutecan be used. To open it either
chooseview> Font Choosefrom the menu or type Cmd + F.

To change the font the user can select a font family, a font style, and a font size. A sample text,
with the chosen font is displayed in the centre of the dialogue. To apply the current settings to the
labels in the graph press t¢PPLY button. All node and edge labels are displayed with the selected
font and the font properties defined in the graph’s file are overruled. 10#eutton is pressed,
the font properties are also updated and the dialogue is closed. By pr€gSNMQELthe dialogue is
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Font Chooser x|
Fonit family: Font style: Fort size:

Sansserif

|~ | ot s =l

SansSerif

Ok | CANCEL | APPLY |

Figure A.2: To change the font properties of the graph’s labels the font chooser can be used.

closed without applying the new font properties. When a new graph is opened the fonts defined in the
file for the new graph are used.

A.4 Using the Step Mode

All layout algorithms used in IMFGraph consist of several subalgorithms. The Sugiyama-style algo-
rithms for example have four steps. To demonstrate the functionality of every step, it is convenient
to show the changes to the layout step by step. This can be done by opening the step mode dialogue
from theOptionsmenu or pressing Cmd + S.

Step Mode x|
Layering 1 |

Crozsing reduction 2

¥-coordinste assignment

Cleanup and dravwing 4 |

v Enskle step mode Start | Prew | Mext |
|

B

Figure A.3: To demonstrate the functionality of each step of the layout algorithm, the step
mode dialogue can be used. It shows the names of all steps and provides buttons to
select the desired step(A). If for example “X-coordinate assignment” is selected (C) all
of “Layering”, “Crossing reduction” and “X-coordinate assignment” are applied to the
layout. Also the buttonStart PrevandNextcan be used to select the final step to be
applied. To enable and disable the step mode, checkbox (B) can be used.

FigureA.3 shows the dialogue and marks its important areas. To enable step mode, the checkbox
at the bottom left corner (B) has to be selected. Once step mode is enabled a certain step can be
selected. This can be done by clicking the buttons to the right of the steps’ names (A) or by using the
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Figure A.4: This figure shows the use of the step mode dialogue. (a) shows the layout after the
“Layering” step. (b) shows the layout after “Crossing reduction” has been applied.
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buttonsStart PrevandNext The currently selected step is marked by a red arrow. If a certain step is
selected, all steps upto and including the selected step are performed.

FigureA.4 shows two screenshots of IMFGraph using the step mode dialogue. In Big{ag
“Layering” is the currently selected step in the dialogue. The drawing shows the graph with its nodes
assigned to layers, but without any crossing reduction. Looking at Filgdi) it can be seen that
crossing reduction is included in the computation of the graph layout by selecting step 2 in the step
mode dialogue.

A.5 Dynamic Exploration of Graphs

To dynamically explore a graph, it is necessary to select a layout algorithm which supports dynamic
focused drawing from the layout algorithms select box (see Figur€E)). At the moment two such
algorithms are availableDynamicSugiyamandDynamicConcentricSugiyam#®nce the algorithm

is selected, the user can select a node to be the focus. A new layout, placing this node in the centre of
the drawing, is then computed. The smooth transition, if enabled (see FAgL(E)), is computed

using the selected dynamic graph drawing algorithm. At the moment, a single algorithm@aited
teredMotionis available. To define its properties, the motion properties dialogue can be opened by
selectingOptions> Motion Propertiesor using the keyboard shortcut Cmd + M.

Motion Properties |

i| Clustering | Edyes |

Tranzttion Times

Fading:
1
TN e——
025 s 10z 175
Cluster Positioning (Rigid Mation):
1

Cer—— e—
0255 1758 33251

Final Posttioning (Linear Interpalation):
1

Cluster Propetties

Maximal Mumber of Clusters: I 43:

If the used hotion &lgorithm suppaorts
Clustering the maxirmum number of
Clusters can be zet here. Clusters
group hodes performing simmilar
mation. Every cluster has to have at
least 3 nodes. If the value set here
exceeds this, the value gets
automatically reduced.

Edge Properties

Edge Opacitylin %) I 603:

I""""'K""""'I

025 s 10s 175

Defauts

Figure A.5: The motion properties dialogue provides three tabbed palettes, which can be used
to adjust transition time, clustering and fading properties of the dynamic graph drawing
algorithm.

The motion properties dialogue contains three tabbed palditeg ClusteringandEdges The
Time palette includes adjustments concerning transition times. The user can adjust three different
times by using sliders, as can be seen in Figute The slider labelledradingdefines the time spent
on fading out old nodes and edges and fading in new nodes and edges during transition. The second
slider labelledCluster Positioningdefines the duration of the transition process, whereby nodes are
moved in groups as rigid objects. The last slider is responsible for setting the time Bintile
Positioningwhich brings the nodes to their end positions by moving them along straight lines. All
adjustments are made in seconds. To set the sliders back to their defaults, the button at the bottom left
can be used.
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The Clusteringpalette is available if the dynamic drawing algorithm supports clustering of nodes
performing similar motion. A input box (spinner) is provided, that allows the user to set the maximum
number of used clusters. If the algorithm decides that the number is too high, a smaller number
of clusters is used. It never exceeds the number set by the userfatingy palette provides the
possibility to define the opacity of edges during transition. By default, the value is set to 60 percent.

A.6 Changing Graph Layout Properties

When using a layout algorithm supporting focused drawing, the user can select the subset of nodes
around the focused node by setting the incoming and outgoing drawing depth. Since JMFGraph
works with directed graphs, incoming and outgoing drawing depth can be adjusted independently
using the drawing depth dialogue shown in Figé. For example, an outgoing drawing depth of

three means, that all nodes having a distance upto three from the focus node and beeing reachable by
outgoing edges starting at the focus node are drawn. The dialogue can be opened by sééseting
Drawing Depthor by using the shortcut Alt + D.

Drawing Depth x|

Incaming Deptlh;  Outgoing Degpth:

(== ==

s, | CARCEL | APPLY |

Figure A.6: The drawing depth dialogue can be used to set the incoming and outgoing drawing
depth around the focus node. To show the full graph the checkbox can be selected, if
supported by the drawing algorithm.

To adjust the drawing depth the two input boxes (spinners) at the top of the dialogue can be used.
To update the drawing the butt@gxPPLY has to be pressed. If the checkbox labelfedl Graph
is enabled, which means that the drawing algorithm supports displaying the entire graph, it can be
selected.

Special properties of layout algorithms can be adjusted using the layout properties dialogue avail-
able by selectingptions> Layout Propertiesr by using the keyboard shortcut Cmd + L. As can be
seen in Figuré\.7, only one palette for the concentric layout algorithm is available at the moment.

The select box at the top can be used to select the layering algorithm. Moving the slider in the
middle changes the radius of the concentric circles. The same effect can be achieved using the left
and right arrow key (see also Tab%3). To change the angles allocated to the sectors, which are
used for drawing the incoming and outgoing nodes, the two input boxes (spinners) at the bottom can
be used. Another possibility is to use the mousewheel in combination with holding Shift. By turning
the wheel up the outgoing angle is increased. If the sum of outgoing angle plus incoming angle would
exceed 360 degrees, the outgoing angle is automatically decreased. By turning the wheel down, the
same is done for the incoming angle.
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Layout Propetties x|
{ Concentric Properties: i|
Layering Algorithm: IHourglassBreathFirsiLayering LI
|
Concentric Circle Radius: JUII [ i |||l{|| g

a0 100 120 140 160 180

Incoming/Outoing Angle: I EQDiI I ED:’ "

Figure A.7: The layout properties dialogue can be used to adjust properties concerning the
layout algorithm. At the moment adjustments are provided for the concentric layout al-
gorithm described in.

A.7 Shortcuts and Mouse Controls

This section summarises all shortcuts introduced in the previous sections. Alalist standard
commands. Tabl&.2 summarises controls necessary for viewing the graph and Aablésts short-
cuts for commands affecting the concentric layout.

| Command | Shortcut \
Open File Ctrl+ O
Open Demo Ctrl+D
Export Drawing Ctrl+D
Quit Alt + F4
Layout Properties Alt+L
Motion Properties Alt+ M
Drawing Depth Alt+D
Font Properties Ctrl+ F

Table A.1: Standard Commands.
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Command | Shortcut

View 1:1/Fit in Window Home

Zoom In + or Mousewheel Up
Zoom Out - or Mousewheel Down
Zoom In ++ Page Up

Zoom Out ++ Page Down

Increase Zoom Factor Ctrl

Decrease Zoom Factor Alt

Move Node Label to Foreground Right Mouse Key
Refresh F5

Table A.2: View controls.

Command

\ Shortcut

Increase Outgoing Angle

Shift + Mousewheel Up

Decrease Outgoing Angle

Shift + Mousewheel Down

Increase Circle Radius

Right Arrow

Decrease Circle Radius

Left Arrow

Table A.3: Shortcuts for commands affecting the concentric layout.
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