
JMFGraph—A Modular Framework
for Drawing Graphs in Java

Alexander Stedile



JMFGraph—A Modular Framework for Drawing Graphs in Java

Master’s Thesis

at

Graz University of Technology

submitted by

Alexander Stedile

Institute for Information Processing and Computer Supported New Media (IICM),
Graz University of Technology

A-8010 Graz, Austria

18th November 2001

c© Copyright 2001 by Alexander Stedile

Advisor: Univ.Ass. Dr. Keith Andrews



JMFGraph—Ein modulares Gerüst zum Zeichnen von Graphen
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Abstract

This thesis describes JMFGraph. JMFGraph is an open, modular graph drawing framework for
displaying and browsing graphs. JMFGraph is implemented in Java following the object-oriented pro-
gramming paradigm. The program includes two variations of Sugiyama’s hierarchical graph layout
algorithm, a standard and a focus-based version.

The framework is equipped to support both a static layout mode (global view mode) and a dy-
namic mode (local view mode) which creates a graph layout with respect to one focussed node in
the displayed graph. By repeatedly moving the focus to different nodes the user may explore the dis-
played graph. This navigation method is often called “browsing”. JMFGraph additionally provides
the possibility to visualise intermediate results from sub-algorithms by a user controlled step-by-step
execution mode.

Interfaces for modular extensions are provided. This extendibility concerns layout algorithms and
sub-algorithms, graphical representations for nodes and edges, and modules for inputting graphs from
a variety of sources.



Kurzfassung

Diese Diplomarbeit beschreibt JMFGraph. JMFGraph ist ein offenes, modulares Graphenzei-
chenger̈ust zum graphischen Darstellen und interaktiven Besichtigen von Graphen. JMFGraph ist
in Java nach dem objectorientierten Programmierparadigma geschrieben. Das Programm beinhal-
tet zwei Variationen des hierarchischen Algorithmus zur Berechnung von Graphen-Layouts von Su-
giyama: eine Standardversion und eine Fokus basierte Version.

Das Programmgerüst ist mit Untersẗutzung sowohl f̈ur einen statischen Layout-Modus (global
view mode), als auch für einen dynamischen Modus (local view mode) ausgestattet. Letzteres ge-
staltet die Darstellung eines Graphen in Hinblick auf einen ausgezeichneten,

”
fokussierten“ Knoten.

Indem dieser Fokus wiederholt auf andere Knoten verschoben wird, kann der dargestellte Graph von
einem Benutzer untersucht werden. Diese Art der Navigation wird oft

”
browsing“ (engl. schm̈okern,

grasen) genannt. Zusätzlich bietet JMFGraph die M̈oglichkeit, Zwischenergebnisse von Teilalgorith-
men im Rahmen einer schrittweisen Ausführung des Darstellungsalgorithmus anzuzeigen.

Es stehen Schnittstellen zur modularen Erweiterung zur Verfügung. Diese Erweiterbarkeit be-
trifft: Layout-Algorithmen und Teilalgorithmen, graphische Representationen für Knoten und Kanten
und Module zur Einlesen von Graphen aus verschiedensten Quellen. Diese so genannten

”
Modi“ sind

dafür verantwortlich, eine Verbindung zu jeweils einer spezifischen Graphenquelle aufzubauen.

Diese Diplomarbeit ist in englischer Sprache verfaßt.
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Chapter 1

Introduction

Human beings can keep seven (plus or minus two) distinct elements simultaneously in their short
term memory (STM) [Mil56]. Unfortunately this capacity often limits one’s efficiency; not only in
technical areas, but also in daily life. One very powerful trick to overcome this handicap is grouping.
Grouping simply means to put some—for example seven—things into a bag. Then the bag can be
labelled with any kind of symbol representing a common property of everything contained. In fact,
this procedure reduces the apparent objects’ quantity from several elements to only one bag. An
expressive description of this strategy is “reduction by abstraction” or “chunking”. The bag’s label
abstractly represents all the contained elements.

Continuing the above idea, the next step is to put bags as well as elements into bigger bags. If
eventually everything is wrapped into one biggest bag, a hierarchy is obtained. Now let us take a look
at a theoretical search operation:

1. Somebody wants to find an element within the big outer bag. By examining the outer bag’s
label it can be found out that the desired element should be inside.

2. Now this bag is opened and finds some elements and some more bags. If the searched element
is not found amongst the unwrapped ones, another bag has to be opened. The labels, describing
the contents, tell which one.

3. The previously described step is continued until the element is found. Or, if the element is not
present, the searcher may stop if no more bag’s label matches the searched element.

Of course, this all works only if expressive labels have been carefully chosen. If ambiguous labels are
selected, difficulties arise when picking the next bag to be opened. Two very common applications of
hierarchical structures are telephone numbers and computer file systems. Worldwide, the telephone
networks are divided into countries, regions, cities, and districts. The second example, computer
file systems, are pervasive in current computer systems. Data files are organised in folders and sub-
folders.

The hierarchical structure has many advantages. It is very understandable to human users because
people are used to classifying things. A word for this behaviour—although in a negative, overdone
way—is “pigeonholing”; which means to put everything into some supposedly fitting bag. The num-
ber of elements in each bag can be kept very small. This is important in connection with the number
7 as stated above. If too many elements (and bags) happen to be at the same level, an additional level
can be introduced easily by subgrouping the contents.

However, hierarchical structure has its limitations. Elements, for example, can not generally
be inside two different bags simultaneously. The only way to overcome this restriction would be to

1



CHAPTER 1. INTRODUCTION 2

duplicate the element in question, although duplicate elements are generally an unfavourable solution.
Another shortcoming is that two different bags can not be mutually contained. Even duplication is
no solution here, because it would result in a cycle and therefore infinite replications. The theoretical
reason for this is a hierarchy’s property ofcycle freenessexplained in Chapter 2.

If those shortcomings are critical, thegraphmight be the structure of choice. Defined broadly as
set of elements with connections (see also Chapter 2) it hardly has any limitations, at least as long
human beings think in terms of objects and their properties and relationships. Besides hierarchies and
graphs, several attempts to combine them have been proposed, combining the strong and clear order
of hierarchies with the generality and flexibility of graphs.

Knowing that people like structure, this knowledge should be used to enhance communication.
The partners for this communications could be teacher and pupils, two engineers, or a computer user
interacting with an information system. The latter is the main aim of this thesis. By enhanced visual-
isation methods it is possible to make information displayable in a more human-friendly way. This is
the basic prerequisite for making ever growing information masses understandable and manageable
for human users.

This thesis describes JMFGraph, the Java Modular Framework for Graph Drawing, and is or-
ganised as follows. Chapter 2 summarises the most important facts and terms from graph drawing
theory, basics which are important for the considerations in subsequent chapters. Graph drawing pa-
rameters (drawing conventions, aesthetics, constraints, and efficiency) are discussed. Methods for
storing graphs, both in memory and in file systems are considered. Additional links and citations for
further reading are given.

Using these basics, Chapter 3 introduces current approaches for graph drawing and visualisation.
Representative algorithms are discussed in detail. Chapter 4 presents several particular algorithms
developed for use in the hierarchical visualisation approach. Such visualisation concepts are also
called Sugiyama-style algorithms. A selection of graph drawing and information visualisation pro-
grams is given in Chapter 5. Graph browsers, editors, and graph drawing systems are covered as well
as toolkits and libraries for graph drawing.

The program JMFGraph is described in Chapter 6. This chapter introduces to the main concepts
and the program’s structure. Chapter 7 discusses selected details of the implementation. Algorithms
especially developed for JMFGraph are documented in detail. Chapter 8 considers how this thesis
and JMFGraph match the current trends in research and application development. Subjects for further
development are suggested. In Chapter 9 final remarks on this thesis are noted.

Appendix A presents a user guide for the JMFGraph program. It covers installation and starting
as well as an explanation of the user interface. In Appendix B the requirements for the program are
specified as a user requirements document (URD). Appendix C presents specifications for the dot file
format used by JMFGraph including specific adaptions. This thesis closes with the bibliography.



Chapter 2

Graph Drawing

Contents

2.1 Graph Drawing Terminology . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
2.1.1 Structures for Information . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .3

2.1.2 The Graph . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .4

2.1.3 Graph Drawings . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .5

2.2 Parameters for Graph Drawing . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2.2.1 Drawing Conventions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .7

2.2.2 Aesthetics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .7

2.2.3 Constraints . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .8

2.2.4 Efficiency . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .8

2.3 Storing Graphs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.3.1 Storing Graphs in Memory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .8

2.3.2 Storing Graphs in the File System . . . . . . . . . . . . . . . . . . . . . . . . . . . .10

2.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .11

Algorithms for information visualisation often depend on algorithms from graph theory and graph
drawing. Therefore the basics and terminology of graph theory are of importance when dealing with
visualisation. Section 2.1 is addressed to readers who are not very familiar with graph drawing theory.
It is necessary to give precise definitions for the most important terms. In Section 2.2 some layout
variations are considered which can help to make graphs more readable. An introduction to drawing
conventions, aesthetics, constraints, and efficiency considerations. Section 2.3 gives an overview of
how graphs can be stored in memory or in file systems. The main points are briefly summarised in
Section 2.4, links and sources for further detailed information are listed.

2.1 Graph Drawing Terminology

2.1.1 Structures for Information

Some structures which are important in this thesis are explained below. A network is a structure
which consists of nodes and links. Each link connects two nodes. Table 2.1 shows some examples
for applications of the network paradigm and more specialised data structures. This table shows both
degenerate and more obvious networks. A list, for instance, would probably not be seen as a network,
but it can be modelled as such.

3



CHAPTER 2. GRAPH DRAWING 4

Structure Example Objects Connections

List linked list items successor,
predecessor

Tree family tree persons parent-child relations
computer file system files and folders ‘contains’ relations

Network relational database model entities relationships
molecule atoms bindings
computer network computer, server, wire,

workstation, terminal fibre cable
World Wide Web (WWW) document hyperlink
neural network neurons dendrites, axons

Table 2.1: Applications of the data structures list, tree, and network.

The termnetworkdenotes a set of objects which are somehow interconnected. This, of course, is
a very general model and therefore widely applicable. When talking about networks, readers might
immediately think of a computer network (for instance the Internet) or a neural network, depending
on their personal background. Therefore one purpose of this section is to show the generality of the
term “network”.

Owing to this generality there are several sub-structures with more or less strict additional re-
strictions. Here the most common ones are described briefly. Atree is a network where exactly one
path of connections can be found between any two objects. Arooted treeis a tree with one object
specified as the root of the tree. Some authors call a tree which is not rooted afree tree. More abstract
definitions for tree data structures are given in the next section. Alist is a connected row of objects
(see Table 2.1).

Some algorithms use more specialised data structures. For example linked hierarchies or com-
pound networks. Such structures will be discussed when dealing with the respective algorithm.

2.1.2 The Graph

Definition 2.1 (Graph) A graph is an abstract structure that is used to model information. Graphs
are used to represent information that can be modelled as objects and connections between those
objects. [dBETT99]

From this definition the close relation between networks and graphs can be seen. Nevertheless,
the terms should be distinguished. Here the network is the underlying information structure and the
graph is an abstract model for it.

Figure 2.1 shows a very simple example for a graph: Three atoms, drawn as circles and labelled
with their chemical symbols, building a molecule. In this graphic representation the atoms are the
objects. The atom bindings, drawn as straight lines, are the connections between these objects. In
graph theory the objects are usually callednodes. The connections are callededges.

Definition 2.2 (Node) In graph theory a node is the abstract representation for an underlying object
of the information structure being modelled. A different name for node, common in graph theory, is
vertex.
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H H

O

Figure 2.1: An undirected graph:H2O mole-
cule.

Figure 2.2: A directed graph: a flow chart.

Definition 2.3 (Edge) An edge, or alsoconnection, is the abstract representation for a relationship
between two objects. Those objects are abstractly represented by an edge connecting the respective
two nodes. Edges can be directed or undirected. In graph theory edges are also calledlinks or arcs.

There are many different properties of graphs. They help to classify and specify graphs.Digraph
is simply an abbreviation for “directed graph”. This means that the graph’s edges are directed. In di-
graphs the connections are oriented and have asource nodeand adestination node. See for example
Figure 2.2. Undirected graphs may be modelled as directed graphs with an arbitrary orientation of
the edges. This orientation is simply ignored when drawing an edge.

A graph is calledsimpleif it contains no self-loops and no multiple edges. Aself-loopis an edge
of which source node and destination node are the same.Multiple edgesmeans that two nodes are
connected by more than one edge. When all nodes are linked to each other the graph is said to be a
connectedgraph. This means in different words there are no two nodes which are not connected by
one or a series of edges. A graph isplanar if and only if it can be drawn in the plane without edge
crossings [CS96].

A directed graph isacyclic if it has no directed cycles. Adirected cycleis a path that leads from
one node along at least one edge back to the same node. The edges have to be followed according
to their directions. An acyclic digraph with a single sources and a single sinkt is called anst-graph
[dBETT99]. In a digraph with cycles, afeedback arc setis a set of edges, such that if all the edges of
such a set are reversed, then the graph is cycle-free.

Knowing these terms, a much simpler definition for the tree data structures can be given: Atree
is a connected acyclic graph. And arooted treeis a tree with one node specified as root. When
representing as a digraph, all edges are oriented either away from or towards the root.

2.1.3 Graph Drawings

Being particular about terms, Figures 2.1 and 2.2 are not graphs, but drawings depicting graphs. The
drawing of a graph is the graph’s diagrammatic visualisation in the plane, i.e. in two dimensional
space. A graph has infinitely many different drawings [dBETT94]. This is because the graph does
not fix the position of its nodes and edges.

In graph theory nodes are depicted as points (see Figure 2.3). For visualisation purposes better
representations are arbitrary symbols. They help to identify the underlying object. In applications it
is common to draw nodes as boxes, circles, or simple shapes. See Figure 2.2 for example. Like in
Figure 2.1 nodes are often labelled with informative text. Also edges can be drawn in a great variety of
styles. The edge is abstractly defined as “simple open (Jordan) curve” [dBETT99, Tol96, dBETT94].
In simple words this definition says, “The edge can be any thin, continuous curve.” Some of the
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(a) straight line (b) line segments

(c) orthogonal line segments (d) curves

Figure 2.3: Examples for different edge styles.

most common edge drawing styles are illustrated in Figure 2.3. As for nodes, it is also common to
label edges with additional information. All of these graphic representations—for edges as well as
for nodes—have diverse applications. In some fields, history played an important role for picking a
widely accepted graph style.

Not only graphs but also their drawings have certain properties. The drawing algorithm has
to implement the desired visualisation of a given graph. A drawing of a graph isplanar if it is
drawn in two dimensions without edges crossing. As the relation between graph and drawing is not
unique, planar graphs also have non-planar drawings. Aplanar embeddingspecifies the circular
order of the edges around a vertex in a planar drawing. Hence, different drawings may have the same
planar embedding. Note that a planar graph may have an exponential number of planar embeddings
[CdBT+92]. A visibility representationmaps vertices into horizontal segments and edges into vertical
segments that intersect only the two corresponding vertex segments [CdBT+92].

The aim of graph drawing is to convey the properties of the underlying information structure
as quickly and clearly as possible. For this purpose all kinds of positioning, alignment, symmetry,
perspective, and valence techniques may be utilised. Such methods are discussed in the next section.

2.2 Parameters for Graph Drawing

It is a fact that a graph has infinitely many different drawings. Since our aim is to obtain an under-
standable graph, it is not sufficient to pick one of the many possible drawings randomly. Parameters
are introduced which restrict the number of possible drawings, making it possible to choose from the
great variety of graphical representations.

These restrictions affect mainly node placement and edge style. For one drawing several restric-
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Drawing Convention Explanation

Node placement grid Node positions, and in general also edge crossings
and bends, are restricted to coordinates which are de-
fined by a rectangular grid.

Edge style straight line The edges may only be straight lines without bends
and curves.

polyline The edges may consist of one or more straight line
segments.

orthogonal The edges may consist of straight line segments, but
the segments must be either horizontal or vertical.

edge ports If the nodes are larger than simple points, the posi-
tions where an edge can start or end are restricted.

Edge routing planar A planar graph must be drawn planar, i.e. with no
edges crossing.

upward In the drawing for a directed graph all directed edges
have to point upward. Other directions, like down-
ward or to the right, are equally common.

Table 2.2: Examples of drawing conventions for graphs drawings.

tions may be applied. In the following, parameters are discussed by which graph drawing algorithms
and approaches may be distinguished.Drawing conventions(Section 2.2.1 and Table 2.2) define the
basic demands for the desired drawing, for example where nodes may be placed or how edges have to
be drawn and routed.Aesthetics(Section 2.2.2 and Table 2.3) are requirements which enhance read-
ability, often including complex optimisation problems.Constraints(Section 2.2.3 and Table 2.4) are
local requirements such as predefined positions of single nodes or special grouping of sets of nodes.
Efficiency(Section 2.2.4) often is one of the most important points. The layout is expected to be
calculated within a certain time which highly depends on the application. Acceptable periods of time
might span from tenths of seconds to several hours. Since computation time increases with increasing
number of elements, the two central questions are: “how long may the calculation take” and “how
large may the displayed graph be”. In addition to this, memory consumption is often a very crucial
point.

2.2.1 Drawing Conventions

The drawing conventions are the strongest restrictions. They have the highest priority and define the
rules for drawing a graph. The principle is shown in Table 2.2. In this table, one rule is an example
of node placement (node placement: grid). The other rules specify where edges may be laid and how
they must look. An additional drawing convention would be to define how a node must be drawn.
In contrast to aesthetics and constraints, drawing conventions are compulsory. They define the basic
building blocks for the visualisation. Some authors also refer to drawing conventions asgraphic
standards[Tol96, dBETT94].

2.2.2 Aesthetics

Aesthetics concern properties of the drawing which can make it more readable and understandable.
Table 2.3 shows a selection of common aesthetics. Most of them are optimisation goals which makes
them computationally hard. Therefore it is generally necessary to compromise between running time
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(see Section 2.2.4) and optimal readability [dBETT99, Tol96]. Graph drawing algorithms usually
select more than one aesthetic, requiring a definition of precedence. This makes the aesthetics’ “if it
is possible” character obvious. It should be noted that aesthetics are subjective and may need to be
tailored to suit personal preferences, applications, traditions, and culture [Tol96, dBETT94].

2.2.3 Constraints

Drawing conventions and aesthetics refer to the entire diagram, but constraints only affect part of the
drawing or even just one node. Table 2.4 lists common constraints for graph drawing algorithms.
Constraints can only operate in the space which the restrictions from drawing conventions and aes-
thetics leave open.

2.2.4 Efficiency

As already stated in Section 2.2.2 most aesthetics are computationally hard. This means that, depend-
ing on the size of the graph, the calculation time for the drawing can grow far beyond the period of
time a user is willing to wait for the diagram. In such cases, heuristic algorithms can help to speed
things up. The aesthetics adopted might be imperfect but are often good enough.

Efficiency is a crucial issue especially when dealing with interactive applications, which need
real-time response.

2.3 Storing Graphs

When dealing with graphs on computers, the necessity to input, output, and store the graph is ob-
vious. These demands can be distinguished according to the media. The graph has to be stored in
memory in order to draw, display, and manipulate it. For storage on mass media, which also serves
for information interchange with other applications, a different format is usually utilised.

2.3.1 Storing Graphs in Memory

Today, graphs in memory are usually modelled in an object-oriented way, mostly because of the
popularity of object-oriented programming languages, but also because the graphs’ natural structure
can easily be remodelled by objects and references (see also Definition 2.1).

Theoretic and educational books usually propose two different approaches: the adjacency matrix
and the edge list.

Adjacency Matrix

A two-dimensional array with dimensions(|V |, |V |) is implemented, where|V | is the number of
nodes in the graph. The rows of the array stand for the start node, the columns for the end node.
Figure 2.4 shows an example. The depicted graph has 5 nodes numbered from 0 to 4. The drawn
edges are shown in the corresponding adjacency matrix.

Each cell of the array indicates the existence or non-existence of a possibly directed edge. For this
purpose only one bit is required. Alternatively, numbers indicating the edge’s weights can be stored
in the array. Self loops are possible in this representation. For multiple edges additional measures are
necessary.
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Aesthetic Explanation

Area used The overall (rectangular) area of the drawing is min-
imised.

aspect ratio Attempt to uniformly fill a given aspect ratio for the
drawing. (e.g. screen or paper format)

Node placement symmetry Symmetries of the graph should be obvious in the
drawing. (e.g. tree symmetry)

mental map When changing an existing drawing, the nodes
should keep their positions with respect to the entire
drawing as well as to their neighbours. This helps the
viewer to find out what changed and what remained
unchanged.

Edge bends total The overall number of edge bends is minimised.
maximum The maximum number of one edge’s bends is min-

imised.
uniform It is tried to distribute the necessary bends evenly to

all edges.

Edge length total The sum of the lengths of all edges is minimised.
maximum The length of the longest edge is minimised.
uniform The deviation of the edges from the average edge

length is minimised.

Edge crossings total The overall sum of edge crossings is minimised.
maximum The maximum number of crossing on one edge is

minimised.
uniform The deviation of the edges from the average number

of edge crossings is minimised.

Edge angle angular
resolution

Keeps the minimum angle formed by two edges inci-
dent on the same vertex from becoming too small.

minimum
angle

Keeps angles between edge segments from becoming
too small.

Table 2.3: Examples of aesthetics for graph drawings.

Constraint Explanation

Place node centre A selected part of the graph should be placed in the
middle of the drawing.

external A selected part of the graph has to appear at the outer
bounds of the drawing.

cluster Nodes which belong to the same defined group
should be placed near each other.

shape Selected nodes have to appear in a defined shape in
the drawing (for example sequence, tree, ring, . . . ).

Table 2.4: Examples of constraints for graph drawings.
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Due to its high memory consumption of|V |2, the adjacency matrix is only favourable for dense
graphs. This can be seen from the fact that a non-existent edge consumes as much memory as an
existing one. Undirected graphs use only half the space, becausea→ b is equivalent tob→ a. Some
graph theoretic algorithms model an undirected edge by two directed parallel edges with opposite
directions.
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Figure 2.4: The adjacency matrix for storing graphs in memory.

Edge List

Edge list implementations are usually somewhat slower than adjacency matrix implementations, but
in contrast to the matrix only existing edges consume memory. Its memory consumption depends on
the number of nodes (|V |) and the number of edges (|E|) and sums up to|V |+ |E|. This can also be
seen in Figure 2.5 where the same graph as in Figure 2.4 is depicted with an edge list representation.
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0 → 1
⊗

1 → 4
⊗

2
⊗

3 → 2
⊗

4 → 0 → 3
⊗

Figure 2.5: An edge list for storing graphs in memory. The symbol
⊗

marks the end of the respective edge list.

Advanced Graph Data Structures

Both the adjacency matrix and the edge list provide only the most basic functionality for storing
graphs. For most algorithms dealing with graphs, additional information has to be stored. For exam-
ple, a visited flag might be used to indicate which nodes have already been viewed. Or list and pointer
structures might be introduced to speed up the answers for requests like “Which nodes are connected
by edgee?”

2.3.2 Storing Graphs in the File System

Many current and emerging applications would benefit from the possibility to write graphs in a stan-
dardised format for information interchange. Despite this, no widely accepted graph format has yet
evolved. Applications for graphs use many proprietary formats which cannot be applied universally.
Those formats are often very specialised to favour efficiency. They provide definition of nodes as well
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as interconnecting edges. Clustering nodes and labelling nodes and edges are often the most sophis-
ticated features offered. Inclusion of objects (sub-graphs) or references are usually not supported.

At the recent International Symposium on Graph Drawing [GD’00] a Graph Data Workshop
[BMN00] was held. Its aim was to help evolve a necessary standard. The participants identified
requirements and formed a group to work out a proposal. The current status of this project is publicly
available at the URL given for [BMN00]. An attempt to create a new standard for graph storage was
taken at this year’s Symposium on Graph Drawing [GD’01]. This attempt was not successful, instead
a working group was suggested to formulate a future standard. Therefore going into much detail in
this section would makes little sense. Some representative current formats will be discussed.

The graph drawing program Dot uses a proprietary format which is a rather simple and has only
limited capabilities. In contrast to this, GraphXML builds upon the well known and widely accepted
XML standard. This format is discussed in more detail here because of its highly flexible design.

Dot Format

Dot [Nor93] is a preprocessor for drawing directed graphs which can be drawn as hierarchies. It
can output a variety of graphics and image formats. The input file is an attributed graph with nodes
which must be uniquely labelled. Edges can be declared without identification. It also allows the
construction of subgraphs. Additionally, several options for graphs or subgraphs, nodes, and edges
can be applied, including size, font, colour, and other layout modifiers.

GraphXML

GraphXML is a graph description language in XML. It can be used as an interchange format for
graph drawing and visualisation applications or packages [HM00, BPSM98].

GraphXML supports not only the declaration of a graph, it can also store a graph’s drawing. Fur-
thermore it is possible to attach application-dependent data and external references. Series of graphs
may be ordered in time yielding a graph animation. GraphXML also offers the flexibility to introduce
new features via XML’s Document Type Definition (DTD) files. Nodes, edges, and graphs may be
labelled, formatted, positioned, and provided with references and other arbitrary attributes. Graphs
can be composed from different files at different locations in a network. The detailed specification
and a parser for the format can be obtained from the URL given for [HM00].

A similar approach is taken in GML [Him97]. However, GraphXML’s reference and multi-file
capabilities are not included.

2.4 Summary

This chapter introduced some fundamental terms used in graph drawing, which will be used in the fol-
lowing chapters. There are special data structures likenetworksor trees. Graphsconsist ofnodesand
edgeswhich model the underlying information structure. Graphs can bedirected, simple, connected,
andplanar. Directed graphs can beacyclicor st-graphs.

A graph’s drawingis a diagrammatic representation in the plane. In connection with graph draw-
ings, the termsplanar embeddingandvisibility representationhave been stated. Algorithms for graph
drawing utilise certain parameters which are grouped intodrawing conventions, aesthetics, andcon-
straints. Considerations forefficiencyare also of importance.

For further reading refer to [dBETT94, GT98, Wei98, dBETT99, Sha98] or one of the various
other books in the field of graph drawing. The following sources are available through the Internet.
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Good introductions to graph drawing can be found in [HMM01, M+01], introductions to graph theory
are presented for example in [Sas01, Cha01, Man01]. For tutorials and courses for graph drawing,
graph theory, and information visualisation see [CT01, Cal01c, Cal01b]. The following glossaries
are available on the Internet: [NIS01, Che01, TS01] for graph drawing and [Cal01a] for graph theory.

Having learned about the basics of graph drawing, the next chapter presents a collection of parti-
cular approaches and algorithms based on this theory.
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Graph Drawing Techniques
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This chapter continues the considerations of the previous chapter. Known algorithms for graph draw-
ing and visualisation will be presented and discussed. Graphs leave great freedom for arbitrary draw-
ings. This is why a huge variety of very different algorithms has evolved. It is reasonable to gather
these algorithms into distinct groups which share the same approach. Good overviews are also pre-
sented in [dBETT99] and [dBETT94].

Sections 3.1 to 3.3 present selected visualisation approaches with prominent visualisation algo-
rithms. Section 3.4 discusses extensions to general graph drawing algorithms for information visual-
isation.

3.1 Hierarchical Visualisation

The hierarchical approach draws acyclic digraphs as layered downward (or upward) diagrams. The
edges are drawn according to the polyline convention. This approach is generally split into four steps:

1. Layering.
From the given acyclic digraph alayered (acyclic) digraphis produced. This is done by intro-
ducing a finite number of layers. Each node is then assigned to a layer obeying the convention

13
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of downward drawing: edges only point from higher layers to lower ones. In a sub-step aproper
layered digraphis generated. This means dummy vertices are inserted along those edges which
span more than one layer. At the end of this layer assignment step, all edges reach down exactly
one layer.

2. Crossing reduction.
Up to this step only the ordering of the nodes concerning layers is defined. The nodes’ order
within a layer is determined in this step. The name “crossing reduction” already tells what
purpose this part of the algorithm has. The nodes are placed to obtain a minimum of edge
crossings.

3. X-coordinate assignment.
For the final layout of the diagram the layers are taken as integer y-coordinates. For the nodes
on the respective layers the order is already fixed, but this step may try to skilfully move nodes
within layers a bit without changing the previously generated orders. This can also result in
fewer bends in the final step.

4. Cleanup and drawing.
Before actual drawing, the previously introduced dummy vertices are removed again. If other
changes have been introduced in the first step to achieve necessary properties for this layout
process, the obtained layout has to be modified accordingly, so that the final drawing shows the
original graph without the temporary changes. Then the diagram can be drawn. Some authors
include this step in step three, or avoid it by requiring an acyclic graph as input.

The demands for an acyclic digraph can also be met by some preprocessing. Cycles in the graph
can be removed by reversing the direction of a minimum of edges. Of course, in the resulting final
diagram the edges have to be corrected again. However, they then violate the convention for the
drawing’s downwardness. Furthermore, undirected graphs can be supplied with artificial directions
for the edges. This is an additional way of influencing the automatically generated layout.

Optimal solutions for steps 2 and 3 are NP-hard. Algorithms following this approach have to de-
ploy heuristics for dealing with large graphs. Otherwise they would only be applicable for very small
graphs, because of the exploding computation time. For detailed discussion of applicable algorithms,
please refer to Chapter 4.

The first proposal for a hierarchical approach was given in [STT81], and is discussed in the
following section.

3.1.1 Sugiyama’s Algorithm

Sugiyama and his co-authors were the first to present concrete implementation guidelines following
the hierarchical visualisation approach in [STT81]. For an exemplary diagram drawn by the algorithm
see Figure 3.1. A list of “readability criteria” defines the aims of the visualisation process:

A. Hierarchical layout of the vertices.
Builds the most basic regularity of the drawing. While this point deals with the placement of
the nodes, the following elements care about the tracability of paths.

B. Less crossings of edges.
The crossing of edges is the major distracting factor when trying to understand a structure or
following a path.
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Figure 3.1: Example of Sugiyama’s algorithm [STT81].

C. Straightness of edges.
The less bends, the faster paths can be traced.

D. Close layout of connected vertices.
It is desirable that paths are short.

E. Balanced layout of edges coming into and going from a vertex.
This means that the structural information on branching and joining of paths is drawn clearly.

Two different strategies are proposed: a theoretical (or deterministic) method and a heuristic method.
For both methods algorithms are shown. The theoretical method helps to analyse and explain the
desired results, but for performance reasons a heuristic solution is presented. This makes it possible
to deal with much larger graphs in reasonable computation time. Again, the visualisation process is
subdivided into four steps:

1. Layering.
A proper layered digraph is created. Cycles are removed by condensation which leads to a
multilevel digraph. Long span edges are removed by inserting dummy nodes. All alterations
are reversed again in the last step. For details see Section 4.2.1.

2. Crossing reduction.
Due to the combinatorial nature of this problem, algorithms for only two levels are presented.
Then the extension from a 2-level crossing reduction algorithm to cases for n-level hierarchies
is shown. The given algorithms are discussed in detail later in this thesis: “Penalty Minimisa-
tion Method” (Section 4.3.1), “Barycentric Method” (Section 4.3.2), and the “Layer-by-Layer
Sweep” (Section 4.3.3).

3. X-coordinate assignment.
As already stated above, this step tries to avoid bends and to show symmetries. The only
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allowed alteration to achieve this is moving nodes within their level of the hierarchy. The order
of the nodes must not be changed, either. For a description of the proposed algorithms see
the deterministic “Quadratic Programming Layout Method” (Section 4.4.1) and the heuristic
“Priority Layout Method” (Section 4.4.2).

4. Cleanup and drawing.
The alterations introduced in the first step are reversed and the graph is drawn automatically.

Finally, the paper presents empirical and statistical results. They show estimations for the calcu-
lation time and expectable quality of drawn diagrams. Also the large performance difference between
the deterministic and the heuristic algorithms—in terms of running time—is confirmed.

Improved implementations of Sugiyama’s algorithm, the so-called Sugiyama-style algorithms,
are presented later in this thesis: GRAB (Section 5.2.3), DAG (Section 5.1.1). For details about
original and improved algorithms, see Chapter 4.

3.1.2 Method by Eades and Sugiyama

The following paper[ES90] continues the considerations of Sugiyama’s algorithm for drawing di-
rected graphs. An ordered list of aesthetic criteria for the drawing’s understandability is stated. This
sequence corresponds to the four steps of the algorithm. Each step tries to improve only the respec-
tive criterion. Other aspects of the layout are left free. References to descriptions for the proposed
algorithms are included in the following list.

1. Arcs pointing upward should be avoided.
• greedy cycle removal algorithm (Section 4.1.1)
• divide-and-conquer cycle removal algorithm (Section 4.1.2)

2. Nodes should be distributed evenly over the page.
• Coffman-Graham algorithm (Section 4.2.2)

3. There should be as few crossings as possible.
• layer-by-layer sweep (Section 4.3.3)
• Tutte algorithm (Section 4.3.3)

4. Arcs should be as straight as possible.

The authors state that their visualisation algorithm can draw graphs more readable than the orig-
inal Sugiyama algorithm. The main reason for this is the better crossing minimisation in step 3.
Additionally, the first two steps are designed to produce a layout in a way that crossing minimisation
can be more successful. Unnecessarily long edges are avoided, too. A detailed description of these
algorithms is contained in Chapter 4.

3.1.3 Drawing Compound Digraphs

A new feature to hierarchical visualisation of graphs is added by [SM91]. The paper considers “com-
pound digraphs” with inclusion edges and adjacency edges. Inclusion and adjacency can be viewed
as distinct digraphs on the same set of nodes. The inclusion structure is restricted to form a tree. A
second restriction is given for the adjacency structure. Adjacency relations may “. . . not exist among
ancestors and descendants in the inclusion tree” [SM91]. In the drawing (or “map”) the inclusion is
depicted by a rectangle (or oval shape) including its subtrees. Nodes are also boxes or ovals. The
adjacency edges are drawn in the polyline style or as curved lines. Figure 3.2 shows a generated
layout for a compound digraph.
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Figure 3.2: Visualisation of a compound digraph [SM91].

The visualisation algorithm conforms mostly to Sugiyama’s hierarchical layout algorithm. Lev-
els are numbered with sequences of integers to express the inclusion hierarchy, in the same way as
sections in a document. A cycle removal algorithm is included in the hierarchisation step. Further
supported features are: grouping, labelling, and an expand/collapse facility. The latter allows hiding
detail by replacing an inclusion subgraph by a single node.

3.2 Force-Directed Visualisation

Force-directed algorithms are intuitive methods for creating straight-line drawings of undirected
graphs [dBETT99]. A similar term in this context is force-directed placement. The central idea
is to introduce a physical model for the graph. Having a closer look at this approach reveals its two
parts.

1. Force model.
The graph is translated to a physical model often consisting of springs, masses, and various
fields. This is done with the aim of determining a stable state for the system between infinite
expansion and infinite compression.

2. Minimum energy simulation.
The prepared physical system is then put into a simulation process. The minimum energy
configuration is of interest, since this is the most stable state of the system. Usually this state is
linked with a reasonable amount of regularity.

In part 1 the algorithm replaces nodes and edges with physical representatives and forces are defined
to interact with the components. Parameters of this model can be used to influence the graphic re-
sult. Techniques for part 2 are usually the product of numerical analysis rather than combinatorial
algorithms [dBETT99].
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Figure 3.3: Final layout for a hierarchy drawn by the
magnetic spring model [SM95].

The force-directed approach has several advantages. Algorithms can be implemented in a rather
simple way. Nevertheless the produced diagrams are usually very nice and show good symmetry.
Also an even distribution of the graph is obtained. One disadvantage, on the other hand, is that for
large graphs part 2 may take considerable amounts of time.

Many variants of force-directed algorithms have been published. In the following sections, some
applications and variations of this approach are discussed.

3.2.1 The Spring Model

One of the early works on the force-directed visualisation (or placement) approach is [Ead84]. The
proposed force model consists of rings, springs, and additional forces. Rings replace the nodes and
springs the edges of the graph. The additional forces are attractive or repulsive forces between the
rings. The minimum energy constellation is found as stated above (Section 3.2, step 2). Starting
with an initial layout, the positions of the graph’s elements are calculated iteratively according to the
applied forces.

3.2.2 The Magnetic Spring Model

In [SM95] Sugiyama gives an extended model with magnetic springs and magnetic fields. A layout
example can be viewed in Figure 3.3. This enables the algorithm to also handle directed or mixed
graphs. The difference to Section 3.2.1 is that the springs may be magnetised. Adding this, directed
edges can be modelled as directed magnetic elements that produce rotating forces when exposed
to a magnetic field. Different magnetic fields are suggested: parallel, polar, concentric, and also
compound fields.

3.2.3 Simulated Annealing

Simulated annealing [Coh97] goes a slightly different way to find a minimum energy situation. A
problem of simple iterative algorithms is that a local minimum energy situation might be found rather
than a global minimum. Simulated annealing tries to avoid those results by also allowing “uphill”
moves. These are iteration steps which lead temporarily to higher energy potentials. By taking
such iteration steps the algorithm hopes to get away from local minima to the one global minimum.
The algorithm’s name comes from the annealing process when a liquid cools down and crystallises.
Figure 3.4 gives an example layout result.
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(a)

⇒

(b)

Figure 3.4: Example graph layout by simulated annealing.
Initial placement (a) and final layout (b) [Coh97].

3.2.4 Barnes-Hut Algorithm

The Barnes-Hut algorithm is a force-calculation algorithm [BH86]. It is used for calculation of forces
within a large set of interacting objects (often referred to as the “N-body problem”). A characteristic
of this algorithm is its adjustable precision. This gives the user the possibility to trade accuracy for
run time. For very large sets of objects or for visualisation purposes this feature is highly desirable.
In practice the algorithm is widely used in astrophysics, for example, and has been thoroughly paral-
lelised. However, it can be applied as part of a force-directed visualisation algorithm as well. After
devising an appropriate force model with a finite stable state, the Barnes-Hut algorithm can direct the
minimum energy simulation.

The basic idea is to divide the object containing space into a quad-tree (or oct-tree for 3D calcu-
lation). For a quad-tree the viewed area is quartered in each refining step until each cell contains at
most one object. The hierarchy of this refinement is the mentioned tree. Each of this tree’s nodes—
representing a certain area—stores the centre of mass and total mass of its contained objects. When
the force, acting on one particular object has to be calculated, the algorithm can decide how deep to
step down in the hierarchy. Depending on a given parameter a critical radius is calculated. This ra-
dius is proportional to the size of the considered sub-area in the quad-tree. If the distance between the
particular object and the centre of mass of a sub-area is less than the critical radius, then the sub-area
has to be refined to its child areas. Otherwise it is sufficient to use the whole area’s calculated centre
of mass. More detailed descriptions and program code is available on the Internet in great variety, for
example [Sch94a, Wal98].

3.3 Other Geometric Visualisation Approaches

This section gives an overview of other known visualisation approaches. These approaches are gen-
eral enough to allow major variations and additional aesthetics and constraints to meet individual
demands.

3.3.1 Topology-Shape-Metrics Approach

The topology-shape-metrics approach constructs orthogonal grid drawings from undirected graphs.
This approach allows homogeneous treatment of a wide range of aesthetics and constraints. Again,
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the construction is divided into three consecutive steps. Each step takes the output from the previous
one and adds some more restrictions.

1. Planarisation.
The planarisation of the given graph produces a planar embedding (see Section 2.1.3). This
step defines thetopologyof the graph’s final representation. The topology of the drawing deals
with the resulting areas between the edges and those area’s relative order.

2. Orthogonalisation.
This step takes the topology of the drawing as input. Now the orthogonalisation step defines
the directions and bends of all edges. This introduces theshapefor the drawing.

3. Compaction.
The compaction step completes the drawing by applying themetrics. Here, in the last step, the
actual positions of nodes and edge crossings are determined.

The Topology-Shape-Metrics Approach minimises the following aesthetic criteria in the given order:
edge crossings, edge bends, drawing area. Other constraints and aesthetics can be introduced easily
by extending the most appropriate of the three steps. For further reading about this graph drawing
approach see [TdBB88].

3.3.2 Augmentation Approach

The idea behind the augmentation approach is to add edges for stronger connectivity. If enough edges
are inserted, a maximal planar graph is obtained. This means that the resulting graph only contains
triangular faces. Now one of the various algorithms for drawing triangulated structures can be applied.
The algorithm, again, can be divided into three steps.

1. Planarisation.
The same as in the previous algorithms. Dummy nodes replace edge crossings if the graph
cannot be drawn planar.

2. Augmentation.
In this step edges are added. The aim is to obtain a maximal planar graph. This means a planar
graph consisting of only faces with three edges. The new edges are positioned in a way that the
maximum number of edges incident to one node is minimised. This gives better conditions for
the next step. For more flexibility it is also possible to add nodes, too.

3. Triangulation.
The drawing is executed by representing each face as a triangle. For this step several applicable
algorithms are known from graph theory. Finally the additional edges (and nodes) are removed
again.

In general the result is a polyline drawing. Only if no dummy nodes have been inserted in the first
two steps, all edges are straight lines. There also exist variations of this algorithm where fewer edges
are inserted. In this case, the output from the augmentation step is not a maximal planar graph but a
planar graph with certain connectivity.
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3.3.3 Divide and Conquer Approach

The divide and conquer approach is widely known and used in algorithm design. It is very easy to un-
derstand how this approach works also for graph drawing. Basically, the graph is split into subgraphs
which are drawn recursively. The resulting sub-drawings are combined to the entire drawing.

Implementation of the divide and conquer approach is simple, especially for trees or rooted trees.
Therefore it is widely adopted. An algorithmic solution for a rooted binary tree would work like this:

1. Layer assignment.
Like in the hierarchical approach (Section 3.1), the nodes are assigned to layers. A simple way
to do this is to count the distance from the root.

2. Divide and conquer step.
In the recursive part of the algorithm the following cases have to be handled.

• If the subtree that should be drawn in one recursion isemptythen do nothing.

• If the subtree consists of a node withno children, then draw it trivially.

• Else draw the two subtrees of the given subtree’s root recursively. Place the sub-drawings
at distance 2 from each other and place the root halfway between the roots of the subtrees.

This algorithm produces a straight-line grid drawing. It shows symmetries and gives isomorphic
subtrees the same drawings.

3.4 Graph Decoration

Having heard about graph drawing approaches and visualisation algorithms, now the step to infor-
mation visualisation will be taken. In Chapter 2 the elements of graphs and their drawings were
discussed. Now these definitions have to be extended to new demands.

Information visualisation seeks to communicate as much information as possible. The name
already tells that this is done visually, because human beings are very receptive of optical stimuli.
Nodes do not convey much information if they all look the same. This is true for edges as well.
The amount of information in a diagram can be increased greatly by adding textual and graphic
components. Examples for additional information in a graph’s drawing are:

• nodes and/or edges are labelled

• expressive symbols are used as nodes

• nodes are shapes filled with view of contents

• types of edges may be distinguished by different drawing styles
(full/broken, fat/thin, curved/straight, decorated with arrows, etc.)

A broad overview of information visualisation efforts taken in this direction can be obtained from
[Shn96, CMS98, Shn97, Fur98, CEG98, APW96]. Fairchild [Fai93] proposes a vector with different
levels of detail for nodes. The visualisation application—or the user—can then decide which nodes
are of interest. All other nodes are then displayed with less detail. This technique is an example of a
distortion technique. Fairchild also gives a survey of several information visualisation applications.

The insertion of more information makes it necessary to enlarge the nodes. Since most graph
drawing algorithms are designed using nodes of neglectable size, adaptions have to be introduced.
Strategies and concepts to solve this problem are considered in [LE98].
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3.5 Summary

Several graph drawing approaches have been presented in this chapter. Thehierarchical visualisation
approachand theforce-directed approachwere considered in more detail. Also, some specific in-
formation visualisation issues were covered. The different graph visualisation approaches discussed
in this chapter mostly deal with two dimensional space, but virtually all of them can be extended to
work in higher dimensional spaces. However, this is beyond the scope of this thesis.
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After giving an overview of the currently used visualisation approaches, a closer look is taken at the
hierarchical visualisation approach. Visualisation algorithms following this approach are often called
“Sugiyama-style algorithms”. This is because of the first proposal of such an algorithm by Kozo
Sugiyama and others in [STT81] (see Section 3.1.1).

Since then a flood of improvements and alterations of this algorithm has been published. This
chapter therefore tries to point out some of the most interesting variations to the parts of Sugiyama’s
algorithm. So this chapter presents both the originally proposed algorithms and improvements sug-
gested by other authors. This chapter is subdivided into the hierarchical approach’s four steps. Cycle
removal is included as additional preprocessing step.

23
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0. preprocessing:
(a) cycle removal (Section 4.1)

1. proper hierarchy (Section 4.2)

2. crossing reduction (Section 4.3)

3. x-coordinate assignment (Section 4.4)

4. post-processing and drawing (Section 4.5)

The problems of steps two and three are known to be NP-hard. This means that the computation
time grows rapidly as the graphs become larger. This is especially true for deterministic algorithms,
which provide the one and only ideal result after execution. For NP-hard problems the best known
strategy is to examine all possible solutions to find the desired one. This explains why deterministic
algorithms might work on small sets of data, but dealing with larger structures is infeasible because
of calculation time.

One way out of this situation is to lower demands. The nature of heuristic algorithms is to find
a good solution without asking for the optimal one. An expansion from a single solution to a set of
acceptable solutions is the result. Besides the increased probability of picking an acceptable solution
out of the set of possible solutions, new algorithms can be applied. They use so-called “heuristics”
which are able to find an arbitrary acceptable solution. Such heuristics can be implemented with
much lower upper bounds of computation time than their deterministic counterparts.

According to [STT81] steps one and four are “self-explanatory”. Nevertheless, some aspects will
be considered here.

4.1 Cycle Removal

Limitations are always subject to work-around efforts. One of those efforts tries to overcome the
restriction that only acyclic graphs can be drawn by the hierarchical approach. Sugiyama gave a first,
more or less primitive, solution by replacing cycles by one node. Of course, this heavily influences
the user’s perception of the graph.

Other solutions trade the drawing convention of downwardness for greater flexibility. Only as
many edges as possible should be drawn downward. This new degree of freedom can be made use
of by reversing edges temporarily. By edge inversions the graph’s cycles can be removed. When
restoring the direction in the last step of the layout procedure, each inversion introduces an upward
pointing edge. As few edges as possible should be reversed. The algorithms discussed in this section
address how to pick the edges to be reversed.

Unfortunately, the problem of finding a cyclic graph’s feedback arc set (see Section 2.1.2) with
minimum cardinality is NP-hard and therefore not computable efficiently. There exist fast trivial
algorithms, like for example the depth-first search, but they yield poor results. Better (heuristic)
algorithms are shown in this section.

Extending the idea of temporary alterations, the applicability of a visualisation algorithm can be
expanded, for example:

• Undirected graphscan be drawn by giving artificial directions to the edges. The orientations
directly influence the layout of the obtained diagram.

• One way of applying directions to undirected graphs is creating arooted tree. This is done by
simply choosing a root out of the nodes. All edges are then oriented away from (or towards)
the root.
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It is clear that all the temporary changes have to be reversed later to restore the original graph.
This is done in the final step of this approach (see Section 4.5).

4.1.1 The Greedy Cycle Removal Algorithm

This, also rather simple, greedy algorithm is mentioned in [ES90]. It is “. . . based on the intuition
that nodes of large out-degree should appear near the top of the drawing” [ES90]. The nodes are
sorted with respect to their out-degree. The node with the most outgoing edges gets the first position.
Then a feedback arc set can be determined by finding all the edges going back in the nodes’ order.
The authors state that this algorithm can be implemented consumingO(|V | + |E|) run time, where
|V | denotes the number of vertices and|E| the number of edges (or arcs). In practice its run time is
competitive with the trivial search algorithm but provides better results.

4.1.2 The Divide-and-Conquer Cycle Removal Algorithm

Similar to the greedy approach, this recursive algorithm also deals with the out-degree, and is also
stated in [ES90]. Again, the nodes are sorted with respect to their out-degree or, in other words,
labelled with integer values from1 to |V |. The recursion is defined as follows:

1. If the given graph has no edges, then assign labels arbitrarily.

2. If the number of vertices is odd, then the node with the highest out-degree is called graphG1.
All remaining nodes and all edges connecting them are called graphG2. Recurse onG1 and
G2 providing the appropriate range of labels.

3. If the number of vertices is even, then partition the nodes into two sets of equal cardinality,G1

andG2. All out-degrees of the first set must be greater or equal to all out-degrees of the second
set. Recurse onG1 andG2 providing the appropriate range of labels.

4. Finally, those edges pointing from a lower to a higher level belong to the resulting feedback arc
set.

The authors claim that this algorithm can be implemented with time complexity of:

O
(
min

{
|V |2, (|V |+ |E|) log |V |

})
Thus for sparse graphs (where|E| isO(|V |)) it is slower than the greedy algorithm 4.1.1. In practice
it takes up to four times as long on graphs with up to 400 nodes. However, tests have shown that it
regularly obtains results with 20% fewer up-edges. [ES90]

4.2 Layering Algorithms

Layer assignment is a necessary preprocessing step for the hierarchical approach. Good layering can
avoid unnecessarily long edges and thus save computation time. In addition to assigning each node to
a layer, the input graph is also made “proper”, which means that long edges are broken by additional
nodes. The aim is to achieve only edges between adjacent layers.
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4.2.1 Layer Assignment Method by Sugiyama

Sugiyama’s layer assignment method proceeds as follows:

1. In [STT81, page 111] the input data is specified as “. . . a given set of directed pairwise relations
among elements of a system.” In other words: the expected structure for input is a directed
graph. Regarding cycles the paper notes, “If the digraph . . . has cycles, it is condensed”
[STT81]. So Sugiyama’s “cycle removal algorithm” simply replaces every cycle by a node.
For more sophisticated solutions see Section 4.1.

2. The root or the roots of the hierarchy are put to the highest level. The roots are characterised
by having no incoming edges.

3. Then they are removed so that new roots result. This procedure is iteratively executed until all
nodes are assigned to levels. The number of resulting levels is equal to the maximal path length
form a root to a leaf. This ensures that the drawing convention, forcing all edges to point down,
is obeyed. It is easy to show that this strategy only works for acyclic digraphs.

4. In general the hierarchy is not proper yet. If edges reach farther than between adjacent layers,
virtual or dummy nodes are temporarily inserted. Each edge gets a new dummy node at each
layer it crosses.

Alternatively, the positioning can also be run from the lowest layer up. Starting at the top results
in highest possible levels for the nodes. Starting at the bottom puts all nodes to their lowest possible
position.

A different approach for the same result is thelongest-path layering algorithm(see for example
[ES90]). The nodes are assigned to layers in linear time. This is done by calculating the minimum
length of a path to a sink. This length corresponds to the layer.

4.2.2 Coffman-Graham Algorithm

This algorithm was originally developed as a heuristic for the multiprocessor scheduling problem by
E. Coffman and R. Graham [CG72]. It is proposed as a solution to the layer assignment problem in
[ES90]. The Coffman-Graham algorithm fits the diagram on a drawing area with predefined width.

Basically, it works as follows. The nodes are labelled with integer numbers. These numbers serve
as a kind of priority when actually placing the nodes. Determining the labels, the nodes with the
least incoming edges get the highest priority. The placement step simply fills each level sequentially
starting from top level. If a level has received its maximum number of nodes, the algorithm continues
with the level below. For each placement the node with the highest priority is taken, but all its
ancestors must have been placed before.

The Coffman-Graham algorithm does not work on graphs with transitive edges or cycles. This
means that edges which bypass other edges, and generally other paths in the graph, have to be removed
in a preprocessing step.

4.3 Crossing Reduction Algorithms

As stated in Section 3.1.1, Sugiyama’s algorithm seeks to avoid edge crossings. Crossing lines make
paths difficult to trace and this makes a drawing difficult to understand. Again, a deterministic and a
heuristic solution are proposed. Both algorithms are capable of reducing the edge crossings between
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only two layers where one layer’s node order is fixed. Therefore an additional strategy (Section 4.3.3)
is given for extending the algorithms to handle multiple layers.

Furthermore, several improved algorithms for this problem are shown. Section 4.3.6 actually
presents a fast algorithm for counting crossings. It can be incorporated in crossing minimisation
algorithms to improve computation time.

4.3.1 Penalty Minimisation Method (PM)

The PM method is a deterministic 2-level crossing reduction algorithm proposed in [STT81]. The
suggested strategy to expand this algorithm for n-level hierarchies, the layer-by-layer sweep, is shown
in Section 4.3.3. Basically the PM method considers the increase or decrease of crossings for the
swap of pairs of nodes. If minimising swaps exclude themselves mutually, the swap with the least
“cost” is dropped. For determining the swaps that should be dropped the so-calledpenalty digraph
is deployed. The calculation can be sketched as follows:

1. The penalty digraph is built. It shares the nodes of the given graph. The edges represent a swap
increasing the number of crossings. Edge labels show the amount of the increase.

2. All the strongly connected components are found. That means all sets of nodes which are
circularly connected by edges. Strongly connected components can only have three or more
nodes. This follows from the definition of the penalty graph.

If no strongly connected components are found, the penalty digraph is cycle-free. The opti-
mising swaps do not conflict. The algorithm can continue with the final step 4. If there are
conflicts, they have to be resolved first:

3. Each strongly connected component has to made cycle-free by inverting edges. The edges
to be inverted are determined skilfully to minimise the number of crossings. Each inversion
introduces crossings according to the respective edge’s label.

4. The constraints for the solution can be obtained by following the penalty graph’s edges. Miss-
ing edges mark do not care order. The graph could theoretically be completed by inserting
undirected edges between not connected nodes labelled with zero. All paths visiting all nodes
without violating edge directions are acceptable solutions. All such solutions are equally good
with respect to the number of crossings.

4.3.2 Barycentric Method (BC)

BC method is the heuristic algorithm for crossing reduction described in [STT81]. Like the PM
method it is a 2-level algorithm and can be extended by the algorithm described in Section 4.3.3.
The reordering follows the barycentres1 which average the position of the downward (or upward)
neighbours. Downward or upward depends on whether the upper or the lower level should be changed.
The nodes are ordered from the smallest to the largest barycentre. If two barycentres are equal the
initial order remains unchanged.

Additionally, a second phase is recommended due to good empirical results. The overall strategy
is outlined in the following.

1A node’s barycentre, which is a synonym for centre of mass, denotes the average position of that node’s adjacent nodes.
The barycentre can be calculated with respect to both or only one adjacent layer.
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Phase 1: Both layers are improved consecutively by sorting their nodes from smallest to biggest
barycentre. Nodes with equal barycentres keep their mutual order.

1. The upper level is reordered.

2. The lower level is reordered.

3. Phase 1 is repeated if the previous iteration introduced changes to the layer’s orders.
Otherwise, or also if the number of iterations in phase 1 attains a predefined maximum,
phase 2 is entered.

Phase 2: Both layers are consecutively changed by rearranging nodes with equal barycentres.

4. Reorder upper level’s nodes.

5. Reorder lower level’s nodes.

6. If both of these actions do not destroy the barycentric order of the respective other layer
then terminate the calculation.

7. If the number of iterations in phase 2 attains a predefined number, then terminate calcula-
tions. Otherwise re-enter phase 1.

The maximum number of iterations, for the case that not all crossings can be removed, is set to 4 in
[RDM+87]. Unless “. . . the previous pass made a dramatic reduction in the number of edge crossings,
in which case an additional pass is made” [RDM+87], see also Section 5.2.3. In empirical tests for
computation time the BC method performed significantly better than the PM method. Performance
with respect to finding the minimum crossing layout was also satisfying.

A slight variation to the BC method is given in [GNV88] (see Section 5.1.1). Instead of barycen-
tres “weighted medians” are used. For odd numbers of adjacent nodes on the lower (or upper) level
the coordinate of the median is taken. If the number is even, then the weighted median lies between
the left and the right median’s position. The actual position between those nodes is biased “. . . toward
the side where neighbour nodes are more tightly packed” [GNV88].

Besides that a specialised procedure for determining the initial order of the level’s nodes is de-
ployed. Phase one is executed using the weighted medians. Another change is introduced in phase
two: Pairs of nodes adjacent on the same layer are transposed if this reduces the number of crossings.
For doing this a heuristic was developed to find local optima.

4.3.3 Layer-by-Layer Sweep

In [STT81] this algorithm is presented for making the two 2-level crossing reduction algorithms
applicable for large hierarchies. Generally speaking, this algorithm takes any algorithm for 2-level
crossing reduction as a sub-algorithm. The only restriction is that one specified level must remain
unchanged. This demand is necessary for applying the sub-algorithm iteratively forming a sweep.

The following mathematical formula describes the aim of the algorithm:

minimise f(z) = z1 + z2 + · · ·+ zn−1

wherezi represents the number of crossings introduced by the nodes on levelsi andi + 1 in their
respective order. Now the algorithm tries to reduce the factorszi one by one. Although they are not
completely independent, because all but the first and the last level influence two of thez-terms. This
difficulty can be gotten around by the following simple algorithm.

1. Arbitrary initial orders for each level’s nodes are given.



CHAPTER 4. THE HIERARCHICAL GRAPH VISUALISATION APPROACH 29

2. Reduce the crossings between the first two levels by applying the 2-level sub-algorithm. The
upper level is fixed. Only the lower level’s node’s order may be changed.

3. Repeat step 2 one level lower and so on. Go on repeating down through all levels.

4. Reduce the crossings like in step 2 for the lowest two levels, but now only the upper level’s
order may be changed.

5. Repeat step 4 one level higher and so on. Repeat stepping up through all levels.

This procedure is called a down-up procedure because of the consecutive sweeps first down and then
up. The whole down-up procedure is iterated until one down-up procedure makes no change to the
layout. In addition to this, a maximum number of iterations is given initially.

For the BC method, phase 1 is executed as described above. Phase 2 is started after the down-up
procedure in phase 1 terminated.

A slight alteration is suggested in [RDM+87]. They state that, for some graphs, node positions
were unstable. Thus they propose to use the average of the upper and lower barycentre after the first
down-up procedure is completed.

In [ES90], the Tutte algorithm was applied as an “. . . old graph drawing method first used by
Tutte . . . ”. It is claimed to produce results similar to those of the barycentric method. This is achieved
without a layer-by-layer sweep. Technically speaking, the Tutte algorithm iteratively solves a system
of sparse linear equations. This process is very similar to the sweep strategy. The algorithm fixes
the positions of top layer and bottom layer. Then equations for the nodes’ x-positions are established.
This is done in a way that each node is placed at the weighted average of its neighbours’ x-coordinates.
The positions are weighted by the considered node’s in-degree and out-degree.

4.3.4 Using Sifting for k-Layer Straight-Line Crossing Minimisation

“. . . Sifting . . . is a heuristic for dynamic reordering of decision diagrams used during logic synthesis
and formal verification of logic circuits.” [MSM99]

Sifting is proposed for crossing minimisation of, both one-sided 2-level graphs and k-level hier-
archies in [MSM99]. The presented algorithm first picks one node and sifts it before picking another.
For one-sided 2-level graphs, only the modifiable level’s nodes are picked in a specified order. Sug-
gested orders are from left to right, sorted by in-degree, and random order. If sifting one node takes
O(n) the algorithm runs inO(n2) for the entire graph.

For k-layer problems, a global order of all nodes is used by a method called “Global Sifting”.
Here the paper recommends sorting the nodes by in-degree. Furthermore, a strategy is given which
regularly reverses the nodes’ order in each iterative step. The order is also reversed if no improvement
is possible by sifting one node. This event is called a fail. The number of fails is limited by a definable
constant, exceeding this constant terminates the algorithm.

The actual sifting, both for the one-sided and for the k-level version, takes one movable node. All
other nodes are fixed. The node is moved by swapping it with its neighbour on the same layer. By
doing this, the node is moved to the right through the layer until it becomes the rightmost node. Then
it is swapped to the left until it becomes the leftmost node. While doing this, the respective crossing
numbers are computed. Thus, the minimum crossing number is known after the right-left procedure.
Finally, the considered node is moved to the right again until it reaches the position with the local
crossing minimum.

Experimental results have shown good performance. The algorithm outperformed layer-by-layer
sweep algorithms, previously known for good performance, by far. This holds for layered graphs
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with three layers or more. Visualisations of graphs with different sizes and densities were examined
to obtain this result.

Improvements to this algorithm are given in [GSBM00]. The alterations mainly concern the sift-
ing process. Implementation details to save computation time are presented. The authors suggest
implementing a three-dimensional crossing matrix. This measure speeds up computation of the num-
ber of crossings in each step. When swapping two nodes, the data structure’s respective columns have
to be interchanged.

Secondly, lower bound sifting is used to reduce the number of iterations while sifting a node.
This is achieved by calculating the lower bound for the number of crossings. While sifting, this lower
bound for moving the node further is efficiently updated after each swap operation. If this value
exceeds the current minimum number of crossings, further movement in the same direction cannot
improve the result. Thus, the swap direction can be reversed immediately, omitting remaining steps
to the end of the layer.

Experimental results showed that it is possible to reduce the run time by a factor of 20 or more,
without a loss of quality.

4.3.5 Vertex-Exchange Graph

An interesting concept for multi-level crossing minimisation is presented in [HK99]. The authors
construct a data structure to deal with crossings in proper layered digraphs. The nodes of this “vertex-
exchange graph” are ordered pairs of the levelled graph’s nodes which share the same layer. The
vertex-exchange graph’s nodes are connected if the corresponding original nodes are connected by
two non-adjacent edges. Those connections are marked with ‘-’ if the original edges cross, with ‘+’
otherwise. The paper states that planarity can be detected by ensuring that the vertex-exchange graph
contains no cycles with an odd number of ‘-’ connections. Based on the given crossing counting
algorithm, a crossing minimisation algorithm is proposed. The solution is designed as a minimisation
problem using integer linear programming (ILP).

4.3.6 AnE logE Line Crossing Count Algorithm

The authors of [WM99] propose a fast crossing count method for improvement of crossing minimi-
sation algorithms. They state that the second step is the bottleneck of all Sugiyama-style layout algo-
rithms. This solution should enable running a hierarchical layout algorithm inO(n log n) time, hence
handling graphs with tens of thousands of nodes or more should be possible on current computers.

The crossing calculation is done in a sweep for each adjacent pair of layers. All edges connect-
ing these layers are divided into groups with respect to the current scan position. The crossings are
calculated by those groups’ cardinalities. Also alternate level crossings and same level crossings are
handled separately. To calculate same level crossings efficiently, a data structure called an accumula-
tor tree is used. The paper provides proofs for its statements and experimental results for calculation
time.

4.4 X-Coordinate Assignment Algorithms

The purpose of this step is to make the drawing readable for the user. The previous step already
provides a layout with few crossings, but for obtaining a human understandable diagram additional
work is necessary. Features which help users to grasp the structure of the graph are symmetry, balance,
and lines with few or no bends. Those features are taken into account when moving the levels’ ordered
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nodes to actual positions. Of course, the order of the nodes must remain unchanged. Special attention
is paid to dummy nodes, because they introduce edge bends.

4.4.1 Quadratic Programming Layout Method (QP)

The QP method is the deterministic algorithm proposed in [STT81]. Mathematically the strategy
is described by an objective function and a set of constraints. Theobjective functionrepresents an
optimisation problem. The calculation instruction is given by the formula:

minimise f = cf1 + (1− c)f2, 0 < c ≤ 1

Or in words: The factorsf1 andf2 are weighted byc. The value ofc allows to adjust the valence
betweenf1 andf2. Heref1 is a measure for the closeness of connected nodes with respect to the
x-coordinate. The factorf2 measures the balance of the incoming and the outgoing edges incident to
nodes in the layout.

The followingconstraintsare applied: The x-position of the first node in the first level is prede-
fined. And the difference between the x-coordinates of two consecutive nodes must be at least a given
positive minimum distance. For dummy nodes an additional constraint says: If two dummy nodes are
connected by an edge, they must have the same x-coordinate.

The final solution has to be the layout with the minimum value forf without violating the given
constraints. As already stated, finding this solution is NP-hard. This algorithm is only feasible for
rather small graphs. Thus, Sugiyama introduced the PR method for graphs of more reasonable size.

4.4.2 Priority Layout Method (PR)

The heuristic PR method was proposed in [STT81]. In contrast to the QP method, it generates a
readable layout, not necessarily the optimal one. This more generous demand can bring the benefit of
much shorter computation time.

The basic idea is to improve one level after another in a sequential way. By so-called “priority
numbers” the changes in inter-level node placement are determined. The algorithm can be outlined
as follows:

1. The nodes on each level are put to initial positions of equal distance according to their order.

2. Positions in each level are improved in three sweeps through levels: 2. . . n, n-1. . . 1, t. . . n
(where 2≤ t≤n-1). The first and the last sweep are called down procedures, the second is
the up procedure.

3. In each level node positions are determined according to their priority numbers. Dummy nodes
have the highest priority. Priorities of the other nodes are the number of upward pointing (for
down procedures) and downward pointing (for up procedures) edges.

4. In principle improvement is done by minimising the distance between the upper (lower)
barycentre and the considered node under the following conditions:

(a) Positions of all nodes are integers and distinct for all nodes at the same level.

(b) The order of nodes within a level must not be changed.

(c) On each level the positions of all contained nodes are improved starting from highest to
lowest priority. If an improvement would violate one of the previous two conditions, this
improvement is skipped.
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4.4.3 A Fast Layout Algorithm for k-Level Graphs

Another algorithm for the coordinate assignment step is given in [BJL00]. The layout is constructed
similarly to Sugiyama’s original algorithm, but, additionally, the total length of short edges is min-
imised level-wise. The authors state a running-time ofO(m(logm)2) wherem denotes the number
of edge segments in the graph’s drawing. All long edges’ segments except the outermost ones are
drawn vertically. A precondition is that long edges may not cross at inner segments. This can be
ensured in a preprocessing step.

The algorithm consecutively executes in three steps. The first assigns x-coordinates to dummy
nodes—also called virtual vertices. After that the original nodes are positioned. And, eventually, the
y-coordinates of the levels are determined. Step 1 of this procedure generates the final x-coordinates
for the dummy nodes as follows. Keeping each level’s node permutation, the average between the
leftmost and the rightmost position is stored for the dummy nodes x-coordinates. Leftmost and right-
most positions are determined obeying the minimum distance between nodes and the demand for
vertical line segments between dummy nodes.

Original nodes are positioned in the second step. For each level, groups of original nodes are
examined. They lie in between dummy nodes and/or the level’s borders. First fixed sequences are
determined by comparing the sequence’s available space to the minimum node distance. Then the
hierarchy is traversed down and up by a dynamic array calculation algorithm. Also a sophisticated
method for finding the optimal positions is explained.

The final step introduces y-coordinates for the hierarchy’s levels. The distances between two
levels are determined by limiting the edges’ gradients. This limitation has to be satisfied by the
longest segment between each pair of levels.

4.5 Post-processing and Drawing

Before the actual drawing of the diagram, some post-processing usually has to be done. The tempo-
rary alterations introduced in step 1 have to be reversed again. Otherwise the drawn graph would not
match the graph originally given as input. For Sugiyama-style algorithms dummy nodes have to be
removed creating long edges with bends. Temporarily reversed edges must be reconstructed again.
This introduces upward pointing edges. For other algorithms following this approach additional work
might be necessary in this step.

For drawing, the coordinates determined in steps one to three are simply used to place the graphi-
cal representations of the nodes. The edges connect the positioned nodes as defined in the given graph
structure. Also some fine-tuning may be introduced in this step. For example considering node sizes
for avoiding overlaps or widening small intermediate spaces which makes edge layout difficult. This
task is often not very simple. Especially if nodes have non-uniform sizes or shapes. If the selected
edge representation needs additional work like path routing, this is also managed in this final step.
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This chapter presents applications related to graph drawing and information visualisation. In contrast
to previous chapters actual programs and systems will be presented. Of course, these examples build
upon and benefit from the theory already covered.

Section 5.1 presents graph drawing programs which are designed to produce static visualisations
of graphs. Such programs support no user interactivity. Section 5.2, in contrast, covers applications
which provide dynamic interaction with the user. They are often called browsers. Graph editors also
allow manipulating a given graph. Section 5.3 concentrates on systems which aim at providing par-
ticular information visually. Visualisation paradigms are adapted to maximise the visual bandwidth,
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Figure 5.1: Example diagram from DAG (“dynamic world model” from J. W. Forrester) [GNV88].
We will call this graph JWF1.

often by dropping the traditional graph metaphor of objects and connecting lines. Finally, an overview
of diverse current packages and libraries to support graph drawing is given in Section 5.4.

5.1 Batch Graph Drawing

The applications viewed in this section are “one-shot” or “batch” drawing programs. They are only
partly designed to output to computer monitors and usually create files containing the computed
drawing. Such drawings can be stored as a raster image or a vector graphics file. This strategy out-
sources viewing and navigational functionality to image viewer programs which generally support
zooming and panning the viewed area.

Such static strategies are mostly favourable for very large graphs. Layout calculation may take
a while, but the resulting image is preserved for further use. The same is true for complex graphs
which have to be drawn optimally. The output files are also convenient for printing and for inserting
into documents. Besides those applications listed below, many algorithmic implementations of the
various graph drawing approaches discussed in Chapter 2 are available.

5.1.1 DAG—A Program that Draws Directed Graphs

DAG is a Sugiyama-style graph drawing program proposed in [GNV88]. For input, a list of nodes and
edges is required. Optional drawing instructions—concerning node layout, labels, and spacings—can
be given. Output is written to a PIC or PostScript file. A layout produced by DAG is shown in
Figure 5.1. As can be seen from the figure, DAG creates layered diagrams with edges drawn curved
as B-splines. Multiple edges are supported, and nodes and edges can be labelled. The paper describes
the B-spline control points’ placement in detail. The input file is a text file following a specified
concise syntax. Some layout commands may be applied to nodes. Edges can be modified by some
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Figure 5.2: Dot drawing of the graph shown in Figure 5.1.

options, for example weights which influence the layout. Constraints can force selected nodes to
appear at the same level or in sequential order.

Cyclic graphs are made cycle-free in an initial step by inverting conflicting edges. These are found
by a depth-first search. The layering is done by a specially developed combinatorial algorithm in
O(E) time usingO(E) memory. For crossing minimisation the original algorithm with an enhanced
weight function (“weighted median”) is used (see Section 4.3.2).

5.1.2 Dot

Dot is the hierarchical graph drawing component of the Graphviz toolkit. For Graphviz see also
Section 5.4.2 and [GV99, GD’01]. Dot implements a hierarchical algorithm for graph drawing. Edges
are usually drawn as curves. The layout example in Figure 5.2 shows a representative example.
Although similar to Figure 5.1, which shows the same graph, differences are obvious. This figure
has been created using additional constraints to force selected nodes to appear in the same hierarchy
level. Source nodes, marked with labels starting with ‘S’, share the top layer. The bottom layer is
populated by the drain nodes. Their labels start with ‘T’, hinting at the method for drawing st-graphs.

Dot reads graph descriptions as an ASCII file which can also include constraints and layout com-
mands. Different styles and labels for nodes and edges are supported, as well as clustered and nested
graphs.

5.2 Graph Browsers and Editors

Nowadays, the expression “browser” is used every day for the programs for viewing the contents
of web sites. A graph browser is similar to a web browser in some points: nodes (corresponding
to individual web pages) can be viewed, edges (links between web pages) are shown and can be
followed. However, web browsers usually show only one node at a time. Graph browsers try to give
a good impression of the whole structure. If the structure is too large, than at least a portion of the
environment around the part in focus is shown.

This section also takes a look at graph browsers with editing capabilities (Section 5.2.3 and Sec-
tion 5.2.4). They allow interactive graph drawing: the user has the final decision as to where to put
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Figure 5.3: Screen shot from a SemNet knowledge base visualisation.

the graph’s elements, but is assisted by the program which gives layout suggestions and provides
powerful layout functions and tools. The term “graph manipulator” describes a program which en-
ables the user to introduce changes to a given information structure. Such changes may include the
alteration of labels or node contents, but also inserting and deleting nodes and edges. However, this
added functionality also brings new problems, which are discussed in Section 5.3.

5.2.1 SemNet

SemNet was an exploratory research project undertaken to advance the understanding of problems
facing both users and developers of large knowledge bases [Fai93].

The developers did not try to find an optimal visualisation for networks, they gave the user the
possibility to easily modify the visualisation for individual demands. The visual presentation is based
on a 3D space, where the entities are placed with respect to their properties. The user may navigate
through this space to have a closer look at individual entities, or to obtain an overall view from a
certain perspective. The result is a fish-eye view based on three-dimensional perspective. SemNet is
suggested to be implemented using 3D graphics hardware to directly convey the 3D space metaphor.
According to their momentary importance, the elements can be placed closer to or farther away from
the user. The example in Figure 5.3 gives a rough impression.

The project’s central objectives can be expressed by the following three hypotheses:

• A user must recognise the identities of individual elements,

• A user must recognise the relative position of an element within a hierarchical context, and

• A user must recognise explicit relationships between elements

Users of SemNet have a rich collection of navigation techniques for moving the viewpoint, techniques
for experimenting with different methods and parameters for positioning the knowledge elements
[Fai93].
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Figure 5.4: Cone Tree view of a library hierarchy.

5.2.2 Cone Trees

The Cone Tree visualisation paradigm [RMC91] was developed by Xerox PARC. It displays hierar-
chical information as navigable 3D cones. Each cone represents one parent in the tree (cone top) with
all connected children. The children are arranged along the cone’s base. The user can rotate these
cones to view particular children more closely, or shift the visible cones to move the region of interest.
Focused elements are rotated to the front automatically. All operations are shown as smooth real-time
animations. The animations are timed to last one second which ensures efficient work without loosing
context. The structure is scaled to fit on the screen. Besides that, it is possible to modify the visual
appearance of the Cone Trees.

An example of a Cone Tree view is given in Figure 5.4. The three dimensional effect is reinforced
by the white ground plane catching the shadow of the suspended cone construction. This plane also
carries control elements for user interaction.

The strength of this approach is in giving users an understanding of inter-object complexity. It is
also very useful in helping users to understand the connections between nodes and how nodes fit into
a global context [Fai93].

5.2.3 GRAB—A Browser for Directed Graphs

In 1986 Rowe and his co-authors published a description of the graph browser GRAB [RDM+87].
GRAB was designed as a general purpose browser for directed graphs with editing facilities. Fig-
ure 5.5 shows a screen shot of a visualisation layout by GRAB. Obviously the hierarchical visuali-
sation approach is followed. This is also indicated by the requirement for a directed graph as input.
The layout is automatically constructed. Additionally, the user has the possibility to introduce manual
modifications interactively. The simple interface for browsing consists of a zooming facility to select
the size of the visible part of the drawing area. The position of the actually displayed part can be
controlled by scrollbars at the bottom and at the right of the graphical user interface.



CHAPTER 5. GRAPH DRAWING APPLICATIONS AND PACKAGES 38

Figure 5.5: A call-graph displayed in a GRAB browser window [RDM+87].
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Ion Electron Plasma Grid

EnergyDiagnosticClockTimer

Figure 5.6: GLIDE example graph layout with applied constraints [RMS97].

GRAB is stated to use a variation of Sugiyama’s algorithm (see Section 3.1.1). Modifications
concern cycles in the given graph and layout improvements. One reason for choosing this algorithm
out of several candidates was the moderate run time which results from the deployed heuristics. The
authors were “. . . willing to sacrifice layout quality for run time performance” [RDM+87].

In contrast to Sugiyama’s original algorithm cycles are not condensed but removed by temporarily
inverting edges. This is done during the first step (building a proper layered digraph) every time a
conflicting edge is detected. Fine-tuning with respect to the layout is done by making nodes variable
sized. Level distances are increased until all edges have a gradient of at least2

3 . Requiring this, almost
horizontal edges are avoided.

5.2.4 GLIDE—Graph Layout Interactive Diagram Editor

The GLIDE system [RMS97, GD’01] is an interactive constraint-based editor for drawing small-
and medium-sized graphs (50 nodes or fewer). It organises the interaction in a more collaborative
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manner than in previous systems. GLIDE uses a physical simulation to satisfy the constraints under
a mass spring model. Animating the simulation helps users to see what effect their actions have. The
application permits user intervention at any time. [RMS97]

Several interactive layout mechanisms are provided. Constraints may be applied which partly
restrict further manipulation. Automated functionalities for improving the layout include avoiding
node-node and node-edge overlap, alignment, equal spacing, and showing symmetry. Nodes can
be constrained to form sequences, clusters, T-shapes, zones, or hub shapes. In the example shown
in Figure 5.6, the blue nodes are aligned vertically, the red part is laid out to show symmetry, and
the aqua coloured nodes form a hub structure. Horizontal alignment and equal spacing between the
different coloured sub-graphs have been constrained in earlier steps.

GLIDE is designed to help users to interactively create aesthetically pleasing diagrams more
quickly. It is useful for small and medium-sized graphs. The user has to give rough positions for
the node. After that, the user may apply rules for the visualisation. GLIDE then refines the rough
node positions via physical simulation according to the given constraints. The simulation is run
simultaneously with the user interaction.

5.3 Information Visualisation Applications

Algorithms for information visualisation try to improve the amount of information visualised in a dia-
gram or interactive simulation. Approaches range from modified 2D graph representations, as already
discussed, to abstract three-dimensional virtual worlds. A landscape metaphor’s implementation is
discussed in Section 5.3.5.

The central purpose of those efforts is making detail (focus) visible while preserving a global
view (context). The usual problem is that large data spaces should fit on computer display screens
with very limited area. Presenting detail and global structure in two different pictures is only a sub-
optimal solution. Most approaches deal with different forms of distortion. The whole diagram space
is distorted to show different elements in varying detail. Common distortion methods include the
following:

• Graphical Distortion.
The most popular is thefish-eye view. It simulates the effects of optical lenses to magnify parts
of interest on an overview map. Unfortunately, physically correct implementations destroy the
common rectangular coordinate system. So the presented pictures look somewhat messy. This
problem can be overcome by the orthogonal fish-eye view [MELS95].
An approach with distortion applied to only one dimension is presented in Section 5.3.1. A
different approach, presented in the same visualisation package, is mentioned in Section 5.2.2.

• Semantic Density Distortion.
This technique distinguishes between contents of more or less importance. The elements of
interest are presented large and in detail, the very unimportant ones may even be omitted.
An implementation is shown in Section 5.2.1. An application implementing this technique is
presented in Section 5.3.2 (see also [Fai93]).

• Statistical Abstraction.
Statistical abstraction—the calculation of averages, medians etc.—is a somewhat different kind
of distortion working with numeral data. The same principle holds true: Detail is hidden while
global properties are made visible. Methods for going into detail can also be provided. Sec-
tion 5.3.3 discusses an example application.
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Figure 5.7: The Perspective Wall.

Another issue in information visualisation is preserving the user’s “mental map” during steps of in-
teraction. Section 5.3.4 discusses implementation guidelines.

5.3.1 Perspective Wall

The Perspective Wall is a visualisation metaphor for linear information, proposed in [MRC91]. The
basic idea can be explained by viewing Figure 5.7. All objects to be visualised have their defined
position on the horizontal rubber band. The band is often labelled with time, representing a calender.
Different tracks help to distinguish the entries which additionally have properties like colour, length,
and partly labels. The rectangular front part is shown in detail, whereas the two ends of the band are
stretched back to the left and the right. This distorts the regions to either side of the main (front) part.
So the central information can be viewed closely while keeping an overview of the entire band. Like
Cone Trees (Section 5.2.2), the whole three-dimensional object is based on a white ground plane,
upon which user interface elements are also placed.

5.3.2 Tree Browsing

The browser presented in [AC96] is designed to visualise tree structures. The authors state that
trees are widely used in computer systems. On the other hand, the limitations forced by the tree
definition makes drawing trees a much easier task than drawing general graphs. This advantage gains
in importance, when applied to larger data sets. Strategies applied to cope with such large structures
base on simple methods for increasing or decreasing level of detail in parts of the tree. Such parts
may be leafs, sub-trees, or arbitrarily selected path segments.

The tree browser lets the user define the importance of all elements. A set of interaction techniques
allows increasing and decreasing detail. Navigation in this case means telling the program what is
how important. The generated view is always drawn to fit on the screen. Hence, the tree’s global
structure is always visible. The more elements are omitted, the more space is available for the ones
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Figure 5.8: C++ class library section illustrated by the tree browser described in [AC96]. Used with
permission.

viewed in detail. Figure 5.8 presents examples for the applied metaphors. The nodes, drawn as
rectangles, are drawn in different levels of detail. In the least level of detail they are only small
squares. In this particular application the highest level of detail shows a manual page in a separate
text viewer window (not shown in the figure). Of course, those node views have to be predefined with
respect to the underlying contents. The user can directly change between them via mouse actions.
For node representations with levels of detail see also [Fai93]. The dotted lines indicate omitted parts
in this tree. These sub-trees are said to be pruned. The authors also talk about vertical and horizontal
“telescoping” in this connection.

5.3.3 MGV—Massive Graph Visualiser

MGV is an integrated visualisation and exploration system for massive multi-digraph navigation. The
implemented techniques are applied to multi-graphs defined on vertex sets with sizes ranging from
100 million to 250 million vertices, data sets that do not fit in a typical computer’s main memory.

MGV is implemented as a C-computational engine (server) and a Java-3D visualiser (client). It
provides a drill-down zoomable interface together with a collection of multi-linked views [AK00].

The nodes of the navigated digraphs have to be organised in a predefined tree. This is important
for removing and adding detail while navigating. The representation’s visual appearance can be
modified by plugging in arbitrary visualisation modules. Those modules include 2D-array diagrams
as well as 3D-“multi-comb” visualisations. Incorporating geographic information is also possible.
Very useful, especially for very large graphs, are several statistical functions supporting the hiding
of detail. Figure 5.9 gives an example: data from telephone calls is depicted in the star-map view,
superimposed upon geographic information.
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Figure 5.9: Visualisation by MGV with statistical representation incorporating additional geographic
information [AK00].

5.3.4 Layout Adjustment and the Mental Map

In [MELS95], the authors distinguish between layout creation and layout adjustment. The difference
is that with layout creation a picture is drawn from a given graph description. If only one node is
added or removed from this graph description, a repeatedly created layout might look significantly
different. This is a problem especially in interactive graph editors. If, in the worst case, the layout
changes completely after every action, the user will be more occupied trying to regain comprehension
of the presented structure than by actually introducing changes actively. The user’s “mental map” is
destroyed with each major change in layout and has to be rebuilt.

The mental map is described by three different models. The first, calledorthogonal ordering, tries
to help the user by preserving the pairwise horizontal and vertical order between nodes.Proximity
relations, the second mental map model, considers the distance between nodes. Nodes that are close
to each other should remain close. Thirdly, the drawing’stopologyis an issue. The resulting areas
should keep their relative positions.

Based on rectangular nodes and straight edges, several approaches for adjusting graph layouts
while preserving the user’s mental map are suggested. One considered method is the force-scan
algorithm. Much like the force-directed graph visualisation approach (see Section 3.2), force-scan
applies simulated forces to overlapping nodes which move them apart. The movement happens along
the line through the two nodes’ centres. The article also discusses perspective display methods such
as fish-eye mapping, orthogonal fish-eye mapping, and biform mapping. Example applications are
discussed for most algorithms.

5.3.5 Information Pyramids

Information Pyramids, described in [AWP97, Wol98], is a 3D visualisation system for hierarchies. It
implements a landscape metaphor. Figure 5.10 presents a view of a hierarchical structure. The base
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Figure 5.10: An Information Pyramids landscape view window [Wol98]. Used with permission.

represents the tree’s root. All internal nodes are depicted as stacked square plateaus on a plane. The
tree’s leafs are drawn as small coloured boxes. The boxes’ bases are sized proportionally with respect
to their respective plateau’s dimensions. Colour may be used to indicate certain properties, as can the
leaf objects’ height. For file systems, file age could be mapped to colour and file size to height.

An advantage of this strategy, compared to other hierarchy visualisation methods, is the compact
layout. It avoids empty spaces which are unavoidable in general 2D tree layouts. Also, the third
dimension is used more efficiently than in previous systems using the landscape metaphor. The pyra-
mid grows in height keeping the area consumed by the base level (= root) constant. Algorithms for
positioning the sub-levels as well as the leaf objects are presented. The size of sub-level plateaus is
determined by its sub-tree’s depth and contents. The placement of those plateaus is done minimising
the remaining empty space. If the available area is too small, the leaf objects are drawn smaller. Also,
several strategies for providing additional information by leafs’ placement are suggested. For exam-
ple one- or two-dimensional sorting or heuristics for making dependencies between objects visible
through proximity. Hence, the Information Pyramids hierarchy visualisation approach leaves great
freedom to add more visual means for conveying information.

5.4 Toolkits, Libraries, and Graph Drawing Systems

Graph drawing packages can be roughly classified into the following groups:

• Toolkits.
Toolkits for graph drawing offer services to application programs via an application program-
ming interface (API). Such services include storing, laying-out, and drawing graphs. Often the
graph layout algorithms are fully automated to make applying them as easy as possible. Default
parameters which can be altered to needs are common. Most toolkits also provide batch pro-
grams or server applications which can be used to separate the whole process of graph layout.
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The layout program is simply called on demand. It returns the finished graph layout when ter-
minating. When using a graph drawing server, this procedure can even be moved to a different
computer. Some examples out of available graph drawing toolkits are given in Sections 5.4.3
and 5.4.4, and 5.4.2.

• Libraries.
In contrast to toolkits, graph drawing libraries only provide data structures, algorithms, and
algorithmic sub-steps for application developers. Applications using such libraries are respon-
sible themselves for creating and drawing a final graph layout. The provided code, mostly
organised in object-oriented classes, can be linked or imported into an application which needs
graph drawing facilities. Such a library is described in Sections 5.4.5. Besides that, most
toolkits also provide a graph drawing library, which is implemented for internal use, anyway.
Section 5.4.1 describes a suggested design for a graph drawing application or system based on
a graph drawing library.

• Systems.
Graph drawing systems are, similar to graph manipulators, tools to help the user create aesthet-
ically pleasing drawings of graphs. The difference is that graph drawing systems include many
powerful graph layout algorithms. They are either applied automatically when useful or upon
request by the user. The user can influence properties such as node and edge styles. Positions
may be altered manually and rich navigational possibilities are offered. For an implementation
see Section 5.4.7.

5.4.1 Parametric Graph Drawing

In [BdBL95] a new approach for graph drawing is presented called ALF for automatic layout facility.
The basic idea is to include a great variety of algorithms in an algorithm base. Then the appropriate
ones can be chosen for a particular graph. The algorithms should be adjustable for special needs.
Reuse of common sub-steps is considered. The sub-division for Sugiyama’s algorithm is shown in
Figure 5.11.

Algorithms are characterised by their capabilities: necessary class and properties of the input
graph, properties introduced to the output graph, and an estimation for the time to compute the layout.

ALF takes a graph and some requirements from the user (for example minimise crossings, obey
aspect ratio, or draw edges as straight lines). Also, an upper bound on computation time may be
given. These requirements can be weighted to take into account their relative importance [BdBL95].
Then the appropriate algorithms are determined and applied. Finally, the user is offered a set of
finished drawings from which to choose the most pleasing. An implementation of the automatic
layout facility is included in the program Diagram Server, written in C++.

5.4.2 Graphviz

Graphviz is an open source set of graph drawing tools for Unix or Windows (win32), including a
web service interface [GV99]. Graphviz provides efficient algorithms for creating readable drawings
of graphs. Two graph drawing approaches are supported, hierarchical layout of trees and acyclic
digraphs and virtual physical layouts of undirected graphs by the spring model.

The toolkit contains a set of customisable batch programs. They read graph description and lay-
out options from file and command line. The resulting drawing is output to file, too. The package
includes a script-customisable graphic interface as well as a base library for graph tools. The particu-
lar components include:
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Figure 5.11: ALF’s sub-steps implementing Sugiyama’s
algorithm and intermediate graph data [BdBL95].
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• dot comprises the package’s hierarchical part. The graph description is given as an ASCII text
file obeying dot’s simple graph description language. Dot can output to file in both vector and
raster graphics formats. For more detail see Section 5.1.2.

• neatorepresents the physical spring model approach. It has the same input and output features
as dot above.

• lefty is a two-view graphics editor for technical pictures.

• dotty is a lefty script for directed graphs.

• lneatois a lefty script for undirected graphs.

5.4.3 GDToolkit

GDToolkit [GDT98] (also known as GDT) is a Graph Drawing Toolkit designed to efficiently ma-
nipulate several types of graph, and to automatically draw them according to many different aesthetic
criteria and constraints [GDT98].

The GDToolkit includes a graph API (GAPI) and an object-oriented C++ library of graph classes
including a wide set of graph algorithms. Technically speaking, the algorithms are implemented
as methods in the appropriate data structure’s class. They may be inherited by derivation. This
strategy makes algorithms only available where they can be applied usefully. On the other hand,
a disadvantage of this implementation is that data types and algorithms are closely coupled. In a
truly object-oriented design those functionalities should be separated. Otherwise it is very hard to
exchange algorithms or to apply the same algorithm to different data types.

Another central part of the toolkit is the Batch Layout Generator (BLAG). It reads graph descrip-
tions and configuration information from file and writes the computed layout back to file again. This
output file contains the coordinates for the diagram’s objects. BLAG is designed to work as a server
under the control of a client application.

Besides choosing a graph drawing algorithm, constraints such as forcing positions or node align-
ment are supported. A personal trade-off between speed and layout quality may be introduced. The
toolkit was tested to handle various types of graphs with up to 1000 nodes.

5.4.4 Tom Sawyer’s Graph Layout Toolkit (GLT)

Tom Sawyer Software sells a Graph Layout Toolkit (GLT) providing programming interfaces to graph
layout services [Tom01, GD’01]. These services include features like:

• Automatic graph layout

• Automatic edge label placement

• Incremental layout

• Complexity management techniques for nesting, navigating, folding, and hiding graphs

• Support for edge ports

GLT is implemented in C++. Specific interfaces and manual sets are available for the Java, ANSI C++,
and ANSI C programming languages. The Graph Layout Toolkit has been ported to a number of
UNIX, Microsoft Windows, Apple Macintosh, and OS/2 operating systems and compilers. It can be
utilised by applications via two integration options: direct inheritance and loosely coupled integration.
GLT scales to run efficiently whether graphs contain 5 or 5,000 objects.



CHAPTER 5. GRAPH DRAWING APPLICATIONS AND PACKAGES 47

Figure 5.12: Example hierarchisation by AGD [AGD97].

Users may choose among four different automatic graph drawing styles (hierarchical, orthogonal,
circular, and symmetric). Incremental layout and automatic label positioning help to create attractive
diagrams. GLT’s navigational features include a graph nesting and navigation system allowing drill-
down, folding, collapsing, hiding, and partitioning graph elements and sub-graphs. Graphs can be
stored persistently and output may be written to PostScript.

GLT has no graphics dependencies. Therefore applications retain complete flexibility for user
interface development across multiple platforms. Additionally, Tom Sawyer offers a Graph Editor
Toolkit (GET) to speed up implementation time. GET, building upon GLT, enables users to rapidly
integrate custom diagram editor technology into their applications. The supported development envi-
ronments include JDK (and Swing), MFC, and ActiveX.

5.4.5 AGD—A Library of Algorithms for Graph Drawing

AGD, the library of Algorithms for Graph Drawing is a C++ library for automatic graph drawing
based on LEDA (see Section 5.4.6). Criteria for aesthetic drawings include regular and well-balanced
distributions of objects, few edge crossings, and short object connecting edges with few bends. AGD
offers a broad range of two-dimensional graph-drawing algorithms (implemented in C++) and pro-
vides tools for implementing new and innovative layout algorithms [AGD97, GD’01].

The current version (AGD V1.1) provides graph drawing functions like planarisation, compaction,
crossing minimisation, and area adaption. Figure 5.12 gives an example of a diagram drawn by
AGD with a Sugiyama-like hierarchical layout algorithm. Further features are calculation of planar
and orthogonal embeddings, bend minimisation, edge and node labelling, and cluster graphs. AGD
utilises the efficient data structures and algorithms provided by LEDA.
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Figure 5.13: Screen shot from a daVinci session [FW94].

5.4.6 LEDA—Library of Efficient Data types and Algorithms

LEDA is a versatile, extendible, platform-independent C++ class library [LED90]. This library offers
a rich set of data-types like graphs, sequences, dictionaries, trees, points, flows, matchings, segments,
shortest paths etc. All components are documented with respect to their time and space complex-
ity. LEDA also provides windowing and visualisation facilities (windows, menus, buttons, dialogue
boxes, etc.).

5.4.7 daVinci

daVinci [FW94] is an X-Windows visualisation tool for drawing directed graphs automatically in
high quality. The “daVinci Presenter” provides full automatic graph layout with a rich set of node and
edge styles like colour, shape, pattern, icon, etc. [daV92]. In the current version “daVinci Presenter
3.0” provides automatic incremental graph layout with interactive fine tuning for a given layout.
Interactive abstractions (for example collapsing sub-graphs or hiding edges) are comfortable features
for navigation. Output can be written to screen or as an EPS-file. The package includes an API for
client applications and an interactive graph editor for demonstration.

The example (Figure 5.13) shows a screen shot from the earlier version 2.0. Technically speaking,
daVinci implements a version of the Sugiyama algorithm with many extras and layout extensions, one
of which is incremental drawing.
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5.5 Summary

Many very different programs have been shown and their advantages and disadvantages have been
pointed out. Graph drawing applications have been divided into batch drawing programs for static
pictures of graphs, graph browsers and editors with a special section on information visualisation, and
finally development packages like libraries and toolkits as well as complete graph drawing systems.
For detailed information about graph drawing programs not mentioned in this thesis see, for example,
[Fai93] or [HMM00].
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After discussion of research and theoretical results, this chapter will discuss practical results from
JMFGraph. This program has been designed and implemented to explore theoretical considerations
and for empirical efficiency testing. JMFGraph is implemented in Java (version 1.3) and provides
a graphical user interface based on Swing. No third-party libraries are used for graph handling or
layout creation.

As common in the object-oriented Java programming language, JMFGraph is divided into several
modules called packages. Figure 6.1 shows a sketch of the hierarchical package structure. In the
following these packages are described briefly.

jmfgraph
This main package contains classes for central coordination. One of these is the main class
“JMFGraph” which starts the program. Also the static class “InstallReg” is placed here which
holds information about which installed modules and components should be offered to the user
for choice. See Section 6.6.

jmfgraph.inputmode
As explained later, the graph source handling is organised modularly. Figure 6.1 reveals that
JMFGraph currently has two input modules called “demo” and “dot”. An input module is
stored in its own sub-package and contains methods to choose, open, and read a particular
source. Input Modules are instantiated by a special factory in this package. JMFGraph graph
source input modules are described in Section 6.1. Local edge and node representations are
also stored in the respective input module package.

jmfgraph.graph
The graph package is responsible for graph data structures. The current program provides a
multi-linked edge map implementation based on Java’s TreeMap to speed up graph processing.
This graph structure is also utilised in the drawing structures. See also Section 6.4.
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jmfgraph.drawing
Everything concerning the visual graph representation is placed in this package. Classes for
general and for layered drawings are provided here. Data structures for handling drawings as
well as paintable representations for nodes and edges which are available for all graph source
input modules. Representations are also instantiated by the mentioned factories. See also
Section 6.2.

jmfgraph.layout
The layout includes the graph layout algorithms which are stored in the sub-package “algo-
rithm”. Algorithms and sub-algorithms are instantiated by the algorithm factory in this layout
package. Layout algorithms may make use of an arbitrary number of sub-algorithms which
may also be used by other algorithms. See also Sections 6.3 and 7.1.

jmfgraph.userinterface
User interface holds classes for the Swing interface including classes for display, such as a
menu bar, a zoomable panel, and an options frame, as well as interaction facilities for reception
of mouse and keyboard events.

jmfgraph.io
Declares interfaces for input and output graph streams.

jmfgraph.util
For universal helper classes.

Figure 6.1: JMFGraph module structure visualised by JMFGraph.

6.1 Graph Source Input Modes

JMFGraph uses graph source input modes as packages which adapt the program to a specific graph
source. Possible examples for such sources are a file system to view files, links, and folders graph-
ically. Or, with the restriction that hyperlinks cannot be followed backwards, an input mode for
browsing web pages by following links is conceivable.

Besides providing methods for picking and reading a particular source, information about avail-
able and currently selected representations is connected with this input mode. Instantiable modes are
registered in the InstallReg class. The input mode factory creates instances which are requested pro-
viding the mode name. Each input mode module itself provides a factory which produces the mode
specific components.
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The currently implemented input modes include the “demo” mode which provides three different
graphs and the “dot” mode which can read a graph description file. This file has to obey the grammar
rules of the dot graph grammar described in Appendix C. The other input mode, demo, lets the user
choose from three available graphs for demonstration purposes:K5, K3,3, and a general small demo
graph with cycles.

6.2 Node and Edge Representations

Node and edge representations are useful tools to change a drawing’s look. The user may interactively
choose from the installed representations. The diagram is updated immediately. The representation
may even make use of arbitrary information added to the graph elements when they are read in from
source. For example, icons or interactive graph elements could be introduced using this feature.

Representations may be local to one input mode or available for all nodes. Instantiation, whether
local or global, is generally controlled by the input modes’ factories. Information about which mode
allows which representations for nodes and edges is included in InstallReg.

6.3 Layout Algorithms

JMFGraph currently provides two Sugiyama-style hierarchical graph layout algorithms, a standard
and a focus-based version. More detailed descriptions for the implementations are given in Sec-
tion 7.1. The algorithm may be modularly altered or enhanced by replacing its algorithmic sub-steps.
New algorithms may be introduced: hierarchical ones as well as algorithms following a different
graph visualisation approach. Of course, some algorithms need special data structures and drawing
implementations. Any additional representations for edges and nodes may have to be provided in
addition to the new algorithm.

To provide greater flexibility, a set of interfaces is defined which describe the available features
a particular algorithm or sub-algorithm provides. Interfaces are included for the following features:
view mode (local / global), stepping ability, and orientation.

Local View The local view mode lets the user browse through the graph by supporting a focus, which
is centred in the graph display. The user may pick any visible node as focus by simply clicking
it with the mouse. Besides centreing this node the layout algorithm is recalculated for the new
centre of interest. Only the visible portion of the graph is laid out in order to speed up user
interaction. The visible part is determined by considering the graph, the focus, the current
window size, and the current scale factor.

Global View In contrast to the local view, the global view mode always lays out the whole graph. If
part of the drawing does not fit in the display area, the visible part may be viewed using scroll
bars. Initially, when switching to global view mode or when opening a graph, the scale factor
is adjusted to make the whole graph visible. Regardless of the window size, the drawing size is
computed from the layout only.

Step Mode The step mode enables the user to view intermediate results in cases where an algorithm
consists of multiple sub-steps. This functionality may be turned on and off. When on the algo-
rithm is executed step-by-step. At any stage, the navigational functionalities such as browsing,
scrolling, and changing orientation are fully available.
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Orientation Orientation supports the four directions up, down, left, and right. Implementing algo-
rithms do not have to support all directions. It is left to the particular algorithm to handle the
orientation commands forwarded from the user interface.

An algorithm may implement both the local and the global interface to support fast local layout as
well as focus-adjustable global layout.

6.4 Internal Data Structures

The graph data structures implemented in JMFGraph are designed to favour computational efficiency
over low memory consumption. The graph elements are heavily linked to speed up various kinds of
graph traversals. Nodes, for example, contain information about their incident edges, and edges hold
information about their end nodes. Additionally, container structures for both nodes and edges can be
obtained from the graph data structure.

Drawings are always based on a graph which should be displayed. In addition to this, a drawing
also contains an own graph. This drawing internal graph holds the part of the original graph which
is currently visible. Besides that, the internal graph is used to hold layout information like position,
size, and graphical properties.

6.5 The User Interface

The JMFGraph user interface consists of two Swing frames. The main diagram frame is responsible
for displaying the created graph layout on a re-sizable panel. It supports zooming the display and
browsing the graph. This is possible by setting the focus to any visible node which is then moved to
the centre and the drawing is updated. The focus is visualised by a red outline.

Additionally, an options frame is provided. This second frame can be opened on demand and
may be used in parallel with the drawing frame. It offers choices for input modes, algorithms, and
representations to be used. Some of the options frame’s functionality is also accessible via the main
frame’s menu bar. For more detail and screen shots, see the JMFGraph user guide in Appendix A.

6.6 InstallReg

The static class file InstallReg in the main package has static lists containing information about the
currently available modular components. These lists are utilised to offer the user a choice list of
available options. The following static string lists are contained in InstallReg:

• List of input modes.

• List of layout algorithms.

• List of applicable node representations (for each mode).

• List of applicable edge representations (for each mode).

The latter two are two-dimensional lists providing one list for each input mode in the respective list.
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As an example, Figure 7.1 shows theK5 graph. It is laid out using focussed layering in horizontal
orientation. Figures 7.2 and 7.3 show two views of JMFGraph displaying the sample graph JWF1.
The source code for the displayed graph is printed in Appendix C. Section 7.1 describes the focus-
based graph layout algorithm implemented in JMFGraph. The second, standard, algorithm differs
only on one sub-algorithm. Section 7.2 concentrates on the layout algorithm mentioned in the previ-
ous section. It has been especially developed to support “browsing” exploration of graphs.

Figure 7.1:K5 graph visualised using focussed layout.
The graph’s edges are provided with orientations to make the
graph directed.

7.1 Sugiyama-Style Focus-Based Graph Layout

The main aim of the focus-based layout is supporting the browsing technique for navigation. The
user may explore even a very large structure by setting a focus repeatedly to visible nodes. The
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program reacts by presenting a new layout with the new node in focus centred and other nodes placed
considering the connectedness to the focussed node. So the layout is recalculated on each navigational
move. To speed up things, only the visible part is determined an laid out.

As explained in Section 3.1, graph layout algorithms following the hierarchical approach are
usually divided into four steps. The following list explains how each respective sub-problem is ap-
proached in JMFGraph.

1. Layering.
The first step is implemented using the new layering algorithm explained in detail in the next
section (Section 7.2). The layering is constructed around one focussed node. A pre-processing
step is used to remove self-loops which would irritate the algorithm. The resulting layering is
made proper by a separate subsequent step which also marks edges as “forward pointing” or
“backward pointing”. An example of the focus-based layout is shown in Figure 7.2.

The second algorithm implementation differs in this step. It uses a conventional “Longest Path
Layering” algorithm, see also Section 4.2.1. The necessary cycle removal is achieved implicitly
by executing two passes where the first generates a valid but, if cycles were contained, very
stretched layout. The second then uses the resulting graph from the first pass without cycles. In
addition to horizontal and vertical orientation, this algorithm is capable of layering the graph’s
nodes topmost/leftmost or bottommost/rightmost. See Figure 7.3 for a vertical bottommost
drawing.

Both layering algorithms finally decompose polyline edges into multiple straight edges. This
is necessary for the following steps.

2. Crossing reduction.
Crossing reduction is done by an implementation of the “Sifting” algorithm described in Sec-
tion 4.3.4 [MSM99]. The original algorithm is enhanced by a mixed pass technique where, in
defined alteration sequences, either both or only one neighbour layer is considered for calculat-
ing the difference in crossings when a node is moved within the layer.

3. X-coordinate assignment.
The algorithm implemented for this step is the original “Priority Layout Method” proposed
with the original algorithm by Sugiyama (see Section 4.4.2) [STT81]. A special modification
is introduced to this algorithm to enhance symmetry display capabilities. If in one layer more
than two subsequent nodes are assigned the same priority, the middle one is increased to be
laid out first. This yields aesthetically pleasing symmetries especially for tree structures with
multiple child elements.

4. Cleanup and drawing.
The final step is capable of introducing either horizontal or vertical orientation to the final lay-
out. Furthermore, all layers and rows of positions are moved apart depending on the contained
nodes’ sized to keep the space between nodes constant. Nodes of differing sizes can also be
handled correctly.

Implementing step mode (see Section 6.3) made an additional finishing algorithm necessary
because the drawing has to be displayed before the actual finishing step has been executed.
A very trivial algorithm which directly maps layers and positions to cartesian coordinates is
sufficient for this purpose.
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7.2 Focussed Layering

The focussed layering algorithm was designed to meet the demands of an application for graph brows-
ing. The aim was to concentrate the closely linked neighbourhood around the focussed node to explic-
itly show the relations between the focussed node and its environment. The first idea was to use the
well known Longest Path Layering once for each direction. But the resulting “hour-glass” diagram is
not as helpful as it might seem at first. The smaller problem is that nodes might appear in both halves
of the drawing. The much bigger difficulty is that all directed paths not crossing the focussed node
are missing. Adding those paths later is possible, but is very time consuming and also produces poor
layouts because entire layers possibly have to be shifted. For example, if a side path is longer than its
end nodes are apart in the layers of the hour-glass diagram.

Basically, what the algorithm does is making a sweep from the centred focussed node away to
the borders of the drawing scope. This is very straight-forward, because the algorithm wants to
emphasise the focussed node’s environment. So the closer a node is connected to the focus, the
earlier it gets the possibility to take good position. The algorithm only deals with directed edges and
ignores undirected ones, which may be present nevertheless. The algorithm’s structure is described
in the following pseudo-code.

FocussedLayering

1. Set up two sweep lines, one following the directed edges (the forward SL) and the other step-
ping the other way (the backward SL). Both are initially filled with the focus node. The area
between those sweep lines is called the sweep area (SA).

2. Make alternating steps with these two sweep lines. Start with the forward SL to favour the
forward direction.

3. For each sweep line step do the following:

(a) Find all nodes which lie one edge in front of the current sweep line.

(b) Empty the current SL adding the contained nodes to SA. All edges connecting the new
nodes with the previous SA nodes are added to the drawing. Move the SL to the next
layer and fill it with the nodes found.

(c) Remove nodes which are inside the SA or on a SL (including this one to avoid edges
inside the layer).

(d) Update SA (see below).

4. The algorithm finishes if both SLs are empty or a predefined number of layer steps is exceeded.

Update Sweep Area

This sub-algorithm uses an additional sweep line, the centre SL.

1. Fill the centre SL with the nodes of the outer SL that has just been moved.

2. Start iterative stepping inside the SA.

(a) Fill the centre SL with all neighbour nodes of the previous centre SL following the current
sweep direction. Nodes which are member of SA or an outer SL are not added.
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(b) Remove nodes from the SL which follow other nodes in the SL in the current sweep
direction.

(c) If nodes have been found mark this layer as changed.

(d) Change direction if no new nodes have been found and no layer ahead is marked as
changed or if the bounding SL has been reached.

3. Stop if two direction changes immediately follow each other.

Updating the sweep area after each SL step is necessary because otherwise only a forward and a
backward tree would be the result of this layering. It is crucial that this update happens as soon as new
graph components for the SA are found, so the nodes consecutively found by the outer sweep lines
can be put to a final layout. If this does not happen, it is, in general, very difficult and time consuming
to insert the missing paths into the double-tree drawing. Nodes or even whole layers would have to
be shifted if an outer path connecting the two sides is found which is longer than the respective nodes
are apart.

7.3 Results

To find out about the usefulness of this new approach Figures 7.2 and 7.3, showing the same graph, can
be compared. Besides the different orientations, which are not a matter of algorithms, the drawings
differ in qualities like compactness, number of crossings, path tracability, and many more. The most
important common and differing properties are discussed in the following.

Both drawings have no backward edges, although this is not the case in general. Also, both
drawings were layered freely. This means that no additional information on where to put which node
was used. It is important to mention, that both drawings only differ in the layering algorithm used.
All other algorithmic steps, like crossing reduction and positioning, were accomplished by the same
algorithms. Such test settings best emphasise the differences introduced by the algorithmic parts of
interest.

Figure 7.3 was layered with a conventional Longest Path Algorithm. From the options panel can
be seen that the selected orientation is vertical with all nodes at the bottommost position. This means
that all sinks are at the lowest layer. The number of crossings is 97 in this drawing, and as already
stated there are no backward edges. The nodeS8 is provided with the focus mark, but the focus has
no influence on the resulting layering.

Other than in Figure 7.2, laid out with the Focussed Layering. Node4 is made the centre of the
drawing by setting the focussing to it. The drawing is laid out to maximise tracability of paths crossing
the focus node4. The layout is very compact in this case, because node4 is very central in the given
graph structure. The number of crossings, 80, is less than in the other layout. Being designed for
graph browsing, the focussed approach has an additional benefit. The number of available drawings
is virtually equal to the number of nodes. The user may choose any, for example the one looking most
central to him, to create a balanced and compact drawing.
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Figure 7.2: JMFGraph visualisation of JWF1 using focus-based layout. The node with label “4” is
the current centre of focus.
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Figure 7.3: JMFGraph visualisation of JWF1 using non-focus bottommost layout.



Chapter 8

Outlook

8.1 General Trends

It is rather surprising that current research mainly concentrates on two types of graph drawing applica-
tion. One type is the batch layout calculation described in Section 5.1 where static graph visualisations
are generated to be printed or stored as a picture or drawing. Besides that, the second type of inten-
sively researched graph drawing applications is the field of interactive and iterative layout creation
applications. Such approaches were considered in Section 5.2. The user is responsible for giving the
layout generation processes hints and advice and so the final layout is a cooperation of human and
computer.

Much less research work is currently spent on the type of application that JMFGraph belongs to:
interactive graph browsers. Besides [Sch98, And96] (and [AC96] for trees) almost no application or
publication dealing with the focus-based interactive browsing of large graphs was found in the field
of graph drawing, where in this case interactive means that the user is not interested in modifying the
presented layout. Let us call it ad-hoc automatic graph layout.

Nevertheless, the field of ad-hoc automatic graph layout creation seems to be very interesting
and promising. As the amounts of information available are ever increasing. Therefore nothing
seems more helpful then creating tools which can create useful and navigable representations without
additional efforts for the user. So, if a pleasing layout is created automatically, the user can completely
concentrate on the contained information.

In other words, such algorithms could be applied and modularly exchanged very universally.
And furthermore, if for example the XML [BPSM98] standard emerges as promised, enormous new
application possibilities will arise. Virtually each XML document, or also sets of XML documents,
could be converted to a XML graph representation like GraphXML (see Section 2) by appropriate
XML converters (i.e. Extensible Style Language—XSL [XSL01]). This means the more documents
are available in the XML format, the mightier would be a universal XML enabled ad-hoc graph
drawing tool with a set of XSL input filters.

8.2 Ideas for Future Work

Although there could be much improvement, this section tries not to concentrate on the user interface
too much. It is clear that this program, written in the scope of a master’s thesis, can in no way compete
with products developed by institutes or even commercial organisations over years with the help of
many people. Especially since everything in JMFGraph has been written from scratch. So the main
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results should be seen in the particular implementation of the layout algorithm and in the structure of
object-oriented framework.

Nevertheless some points concerning the user interface are collected here briefly. Besides node
labels, also edge labels should be supported. In this connection, the possibility to pick edges as
focussed elements should be considered. Edge representations with arrows in addition to full and
dashed edge drawing style should be implemented. Some layout algorithms cannot work without
arrows. They also make distinction between directed and undirected edges more obvious if both
appear together in one diagram. Though the main navigation mode for JMFGraph is the browsing
mode, it should be completed by a panning mode where the drawing is painted without a focus.
Of course this enhancement would make adaptions to the layout algorithms necessary. Therefore
interfaces are prepared for algorithms to declare their capabilities (as implemented for the step mode).
Finally, users certainly would appreciate the possibility to influence distances between layers and
between nodes in general.

A method to restrict applicable edge representations not only by the graph source mode but also
by the graph layout algorithm would be useful. It is obvious, that some algorithms can only work
with certain types of edges. For example a force-directed algorithm makes no sense with curved or
polyline edges. Being particular, the input mode called “dot” should be renamed as “file mode”. So
any kind of graph representation file, for example also XML graph files, could be handled by this
mode, provided appropriate filters are installed.

The dot parser, together with the respective representations, should be enhanced to support all dot
grammar features that are not yet supported. Examples for this are node or edge attributes like shape,
colour, and stroke, subgraphs and several options and command for layout constraints.

The implementation of methods for handling self loops, multiple edges, and non-connected com-
ponents would be useful. Of course, any additional layout algorithm or sub-algorithm for the hierar-
chical layout implementation would be an enrichment.

Currently, there are no animated transitions from one view to the next. This feature could be
added in a separate module creating intermediate pictures between two calculated graph layouts. A
trivial implementation would move elements on straight lines. Although even such simple could help
the user following drawing transitions, optimising such animated transitions is still a researched issue.

When considering bigger and/or more complex graphs, it would be useful to separate layout
calculations from the GUI processes. This should be done by putting this part into a thread of its own.
Certainly, both threads have to be synchronised in a proper way to prevent the user interface from
freezing if the layout calculation takes more than noticeable amounts of time. Also a more efficient
hit detection for mouse clicks on the drawing space should be included to speed up interaction times
for large graphs.



Chapter 9

Concluding Remarks

JMFGraph is an extendible framework for graph visualisation programmed in Java 1.3 using a Swing-
based graphical user interface. The current implementation includes to versions of a specially adapted
Sugiyama-style hierarchical graph layout algorithm. One of which supports navigation via a focus-
based browsing technique. Graphical graph element representations include basic node and edge
representations. The node representation may be labelled with a character string.

An ASCII file parser is included which reads the dot graph file syntax’s main features. It reads in
graph information from files selected by the user. JMFGraph is open to incorporate additional graph
layout algorithms, including those following other than the hierarchical visualisation approach. The
design also supports additional representations for nodes and graphs.

The aim of this thesis was to create a universally extendible graph browsing tool which creates
layouts automatically without user intervention. Besides displaying entire graphs, the design also
supports the design of input modes which only load sub-graphs necessary for the current scope. This
makes it possible to display data from large databases or, for example, structures on the Internet.

62



Appendix A

User Guide

Contents

A.1 Starting JMFGraph from the Command Line . . . . . . . . . . . . . . . . . . 63
A.2 Graph Source Input Modes . . . . . . . . . . . . . . . . . . . . . . . . . . . . .63
A.3 Graph Display Frame . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .64
A.4 Options Frame . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .65
A.5 Installation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .66

Section A.1 describes how to start JMFGraph from the command line and which options may be
given. In Section A.2 the principles of source input modes are discussed. The following sections
explain the graphical user interface (GUI) of JMFGraph. The main display frame is presented in
Section A.3. The separate frame for setting options is explained in Section A.4. Finally, Section A.5
describes how to install the program or modular program components.

A.1 Starting JMFGraph from the Command Line

JMFGraph is provided as an executable jar file “jmfgraph.jar”. When executing this file with a proper
installation of Java 1.3, the empty graph display frame will appear. The user then has to choose a
graph source input mode. This can be done either via the menu “Graph—Mode” or from the options
frame (see Section A.4). An example starting command is shown below.

java -jar jmfgraph.jar

The program should be started from a shell in foreground mode, because JMFGraph outputs use-
ful information and action feedback for the user. For example the current scale factor or information
on which step was executed in step mode.

A.2 Graph Source Input Modes

If no input mode has been given as command line parameter, the display frame appears empty. As
already described in the previous section, the user has to pick an input mode before a graph can be
displayed. Such an input mode module combines capabilities for the following tasks:

• User interface for selecting a particular graph source (for example a file chooser dialog.)

• Streams to communicate with a selected graph source.
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• Currently selected representations for nodes and edges.

• Additionally, applicable node and edge representations are defined for each input mode. (See
also A.5.)

Currently, there are two source input modes implemented. The input modedemois a very simple
mode for demonstration purposes. Selecting a graph source in this input mode is not possible because
the demo graphs are encoded inside the demo classes.

Input Modedot is more powerful. It can load graph information from a text file which may be
selected via a file chooser dialog. The file has to be formatted according to the dot graph file format
described in Appendix C.

A.3 Graph Display Frame

If no input mode has been given as command line parameter, the display frame appears empty. As
already described in the previous sections, the user has to select a input mode before a graph can be
displayed. Figure A.1 shows an example view of the graph display frame showing a graph. Here the
user has the following possibilities of interaction:

• Usual frame components.
Some of the usual frame interaction methods are:

– Resizing the frame by dragging the frame border.
– Iconifying, maximising, restoring, and closing the frame with the menu and icons in the

frame title bar.
– Picking commands from the frame’s menu bar.
– System global keyboard short-cuts, for example to close the frame and quit the program.

The frame’s title bar is inscribed with the main class’ name and a string identifying the dis-
played graph’s source.

• Zooming in and out.
Using the keyboard the scale factor of the display can be changed. The diagram is enlarged by
typing Page-Down or +, keysPage-Up and- shrink the drawing. ThePage- keys make
larger steps, and the step size for all those keys can be increased by holdingShift and/or
Ctrl and decreased by holdingAlt . Additionally, the keyHomeresets the scale to the initial
value.

• Picking a focussed node.
Looking at Figure A.1, the node in the centre of the display area is marked by a red border.
This is the notation for the focussed node. The focussed node is always centred in the drawing
area. The user can move this focus by clicking any other visible node with the mouse. The new
focus, again, is moved to the centre and the graph is laid out respecting the new focus.

• Panning over the static drawing.
JMFGraph supports a global view mode which lets the user explore the diagram by moving the
visible section with horizontal and vertical slide bars or by arrow keys. (See also Section 6.3
for a detailed description.)

Representations can be installed modularly (see Section A.5) and arbitrarily chosen for display by
the user (see below). In the current implementation nodes all look the same and have the same size.
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Figure A.1: JMFGraph main graph display frame.

Only the label indicates the node’s identity. Edges are currently drawn without arrow heads showing
their direction. Instead, edges pointing in the drawing direction (from left to right) are drawn as full
lines. Other (backward) edges are drawn dashed to distinguish them.

A.4 Options Frame

The options frame provides the user with various GUI components to make choices or issue com-
mands to the program. An example is shown in Figure A.2. At start-up most components are empty
or deactivated. After selecting a graph source input mode from the uppermost drop-down list, those
components are filled with the settings from the chosen mode. Alternatively, the same list of in-
put modes is available in the main frame’s menu bar as sub-menu “Graph→Mode”. The button “pick
source . . . ” (which is also present as menu entry “Graph→Pick source . . . ”in the graph display frame)
activates the input mode’s procedure to pick a particular graph source to be displayed. This command
is automatically activated when the input mode is changed by the user.

Below that, a layout algorithm can be chosen from the list of installed layout algorithms. In the
current implementation two versions of Sugiyama’s algorithm are available. The layout algorithm can
be chosen independently of the graph source input mode. If the selected layout algorithm supports
stepping, the check box at the bottom of this frame can be checked. This makes it possible to view
intermediate layout results produced by the layout algorithm. Clicking the button “start” tells the
algorithm to stop after its first step. “next” advances to the next intermediate result until the final
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Figure A.2: JMFGraph options frame.

layout is reached. A short description on each step is printed to the shell where JMFGraph is running.

Representations for nodes and edges can be picked from the respective drop-down lists in the
frame’s centre. The provided alternatives depend on the selected input mode. Currently there is no
restriction considering the selected layout algorithm. So selecting an inappropriate representation, for
example for edges, might result in a displeasing layout. Notice that drop-down fields are disabled if
no or only one element is available, because no choice can then be made.

A.5 Installation

The JMFGraph program is simply installed by copying the executable jar archive to an arbitrary
directory. To be executed, the executing machine must have Java 1.3 installed. A few more steps
are necessary to install additional layout algorithms, graph source input modes, or graph element
representations. Of course, all such modules have to conform the JMFGraph interfaces.

• Installing additional layout algorithms:
The properly coded layout algorithm has to be put into the package “jmfgraph.layout.algorithm”.
Also the static class “jmfgraph.InstallReg” has to be updated by adding the algorithm’s class
name to the list of algorithms.

• Installing additional graph source input modes:
The whole new input mode package has to be added as sub-package to “jmfgraph.inputmode”.
Then the input mode has to be registered by adding its name to the input mode list in “jm-
fgraph.InstallReg”. Also the representation lists in this class have to be extended by sets of
representations for nodes and edges which are applicable. Here global representations and
representations local to this input mode may be used (see also below).

• Installing additional representations for edges or nodes:
Representations may be added either globally or locally for one input mode. The class file has
to be added to the package “jmfgraph.drawing” to add it globally. For local representations, the
respective mode package “jmfgraph.inputmode.<mode>” has to be updated. The static class
“jmfgraph.InstallReg” has to be updated in either case by adding the representation’s class
name. It has to be updated in each input mode’s node/edge representation list where it should
be available. Of course, local representation can only be used in input modes in which they are
local.
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JMFGraph is a visualisation framework for graphs. Its purpose is to serve as a basis for a graph
drawing package. Sub-algorithms, for example for cycle removal or crossing minimisation, can be
inserted modularly to form the processing sequence(s) for the desired visualisation method.

B.1 Layout Processing

As already stated, the visualisation algorithms have to be supplied as modular sub-algorithms. The vi-
sualisation process is assembled from them through a special class. Designing different paths through
the process is possible.

JMFGraph includes an implementation of Sugiyama’s algorithm. Heuristic sub-algorithms are
chosen, but not necessarily the original ones. The algorithm can deal with graphs under the following
limitations:

• The graph may have undirected and directed edges, but only directed edges are drawn.

• The graph need not be connected, but only the connected component containing the first node
(or, if supported, a node marked as focus) is shown in the diagram.

• Self loops and multiple edges are not supported. Self loops are removed before layout creation
and a warning is printed. Multiple edges are treated as a one single edge.

• Cycles are allowed, but create backward pointing edges. In the drawing such backward edges
are distinguishable from forward edges.

• The program has to provide appropriate interfaces to add layout algorithms and representations
for nodes and edges modularly.
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B.2 Data Source Interface

Interaction with the data source for the visualisation is defined as read-only. The open design of this
interface allows adding more input drivers for other data sources. The program includes input drivers
for:

• Graphs in ASCII Dot files.
A subset of Dot’s syntax is supported, see also [Nor93] and Section 2.3.2. This input driver is
mainly used for testing.

• Demo Graphs.
Hard-coded graphs for demonstration purposes.

B.3 User Interface

The user can interact with the program at run time via a graphical user interface. Also some options
can be preset via command line at start-up. For browsing and navigating the user has the following
possibilities:

• Zooming: variation of the displayed contents’ size.

• Focussing: the selected node is centred.

• Stepping: layout algorithms can be instructed to stop after each layout step making intermediate
results visible.

• Options: modifications of layout properties may be requested via a separate “Options Frame”.

Standard input devices for these actions are keyboard and mouse.

B.4 System Specification

The implementation uses Java version 1.3. The graphical user interface is based on Swing.



Appendix C

The Dot File Format

Dot is a graph layout tool contained in the Graphviz package (see Section 5.4.2). It loads the graph
to be laid out from a text file following a simple syntax. JMFGraph’s dot input mode includes a
file parser which can read a sub-set of dot file functionality. In Table C.1 the dot file grammar from
[Nor93] is given. The used notation is explained in Table C.3.

graph → [strict ] 〈digraph | graph〉 id { stmt-list}
stmt-list → [stmt [;] [stmt-list] ]
stmt → attr-stmt| node-stmt| edge-stmt| subgraph| id = id
attr-stmt → 〈graph | node| edge〉[ [attr-list] ]
attr-list → id = id [ attr-list ]
node-stmt→ node-id [ opt-attrs ]
node-id → id [ : id ]
opt-attrs → [attr-list]
edge-stmt→ 〈node-id| subgraph〉 edgeRHS [opt-attrs]
edgeRHS→ edgeop〈node-id| subgraph〉 [edgeRHS]
subgraph→ [subgraph id] stmt-list | subgraph id

id → any alphanumeric string not beginning with a digit, may include underscores|
→ a number|
→ any quoted string possibly containing escaped quotes

edgeop → –> . . . in directed graphs,
→ – – . . . in undirected graphs

Table C.1: Original dot file grammar from [Nor93] with adaptions.

JMFGraph introduces a few alterations listed in Table C.2. Some of them, like comma separated
attribute lists and comments, were noticed in files available from the Graphviz homepage. Attribute
lists may use a comma as separator. Graphs as well as digraphs may contain both typs of edges. C-
like comments are supported. Ignored dot grammar features are also listed in Table C.2. Unsupported
features are ignored and cause no errors.

For convenience, the text files containing the dot graph information should be named with the file
extension “.dot”. Files with names not conforming this suggestion can be opened by unselecting the
corresponding file filter in the file chooser dialog. An example dot file is listed in Figure C.1 showing
the source code for the graph shown in Figures 7.2 and 7.3.
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/* Sample graph JWF1 taken from */
/* www.graphviz.org */

/* Sub-graph edges have been replaced */
/* by standard edges */

digraph world {
size="7,7";

{rank=same; S8 S24 S1 S35 S30;}
{rank=same; T8 T24 T1 T35 T30;}
{rank=same; 43 37 36 10 2;}
{rank=same; 25 9 38 40 13 17 12 18;}
{rank=same; 26 42 11 3 33 19 39 14 16;}
{rank=same; 4 31 34 21 41 28 20;}
{rank=same; 27 5 22 32 29 15;}
{rank=same; 6 23;}
{rank=same; 7;}

S8 -> 9;
S24 -> 25;
S24 -> 27;
S1 -> 2;
S1 -> 10;
S35 -> 43;
S35 -> 36;
S30 -> 31;
S30 -> 33;
9 -> 42;
9 -> T1;
25 -> T1;
25 -> 26;
27 -> T24;

/* 2 -> {3 ; 16 ; 17 ; T1 ; 18} */
2 -> 3;
2 -> 16;
2 -> 17;
2 -> T1;
2 -> 18;

/* 10 -> { 11 ; 14 ; T1 ; 13; 12;} */
10 -> 11;
10 -> 14;
10 -> T1;
10 -> 13;
10 -> 12;
31 -> T1;
31 -> 32;
33 -> T30;
33 -> 34;
42 -> 4;

26 -> 4;
3 -> 4;
16 -> 15;
17 -> 19;
18 -> 29;
11 -> 4;
14 -> 15;

/* 37 -> {39 ; 41 ; 38 ; 40;} */
37 -> 39;
37 -> 41;
37 -> 38;
37 -> 40;
13 -> 19;
12 -> 29;
43 -> 38;
43 -> 40;
36 -> 19;
32 -> 23;
34 -> 29;
39 -> 15;
41 -> 29;
38 -> 4;
40 -> 19;
4 -> 5;

/* 19 -> {21 ; 20 ; 28;} */
19 -> 21;
19 -> 20;
19 -> 28;

/* 5 -> {6 ; T35 ; 23;} */
5 -> 6;
5 -> T35;
5 -> 23;
21 -> 22;
20 -> 15;
28 -> 29;
6 -> 7;
15 -> T1;
22 -> T35;
22 -> 23;
29 -> T30;
7 -> T8;
23 -> T24;
23 -> T1;

}

Figure C.1: Dot source file for the sample graph JWF1 shown in 7.2 and 7.3. The commented-out
lines are replaced by multiple edge definition lines, because the current parser implementation does
not support the subgraph construct. It shows the “dynamic world model” from J. W. Forrester which
has become a popular sample graph.
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attr-list→ id = id [ , attr-list ]
edgeop→ –> | – –

/* comment*/ everything enclosed by these terminals is ignored
ignored the following features are ignored:

– strict
– subgraphs
– attr-stmt
– attr-list, opt-attrs
– ports

Table C.2: JMFGraph modifications to the dot file grammar.

terminals are written upright and bold
nonterminals are written italic and gray
[ optional ] double-line brackets enclose optional items
〈grouping〉 angle brackets denote grouping where necessary
| alternatives| alternatives are separated by vertical bars

Table C.3: Notation for dot file grammar in Table C.1 and Table C.2.
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[Sch97] A. Scḧurr. BLD—a nondeterministic data flow programming language with backtrack-
ing. In Proceedings of the Symposium on Visual Languages (VL’97), pages 398–405.
IEEE, 1997.

[Sch98] Jürgen Schipflinger. The design and implementation of the Harmony session manager.
Master’s thesis in Telematics, Graz University of Technology, Institute for Information
Processing and Computer Supported New Media, December 1998.

[Sha98] Clifford A. Shaffer.A Practical Introduction to Data Structures and Algorithm Analysis,
Java Edition. Prentice-Hall, 1998. ISBN 0-13-660911-2.

[Shn92] Ben Shneiderman. Tree visualization with Tree-Maps: 2-d space-filling approach.ACM
Transactions on Graphics, 11(1):92–99, 1992.

[Shn96] Ben Shneiderman. The eyes have it: A task by data type taxonomy for information
visualizations. InProc. 1996 IEEE Symposium on Visual Languages, pages 336–343,
Boulder, Colorado, September 1996. IEEE Computer Society.ftp://ftp.cs.umd.
edu/pub/papers/papers/3665/3665.ps.Z .

[Shn97] Ben Shneiderman. Course: CMSC 828/838 “Information Visualization”. University of
Maryland, 1997.http://www.otal.umd.edu/Olive/Class/ .

[SM90] Kozo Sugiyama and Kazuo Misue. “good” graphics interfaces for “good” idea organiz-
ers. InThird International Conference on Human-Computer Interaction, Cambridge,
UK, volume IFIP TC13, pages 27–31, August 1990.

[SM91] Kozo Sugiyama and Kazuo Misue. Visualization of structural information: Automatic
drawing of compound digraphs.IEEE Transactions on Systems, Man, and Cybernetics,
21(4):876–892, June 1991.

[SM95] Kozo Sugiyama and Kazuo Misue. Graph drawing by the magnetic spring model.Jour-
nal of Visual Languages and Computing, 6:217–231, 1995.



BIBLIOGRAPHY 80

[STT81] Kozo Sugiyama, Shojiro Tagawa, and Mitsuhiko Toda. Methods for visual understand-
ing of hierarchical system structures.IEEE Transactions on Systems, Man, and Cyber-
netics, SMC-11(2):109–125, February 1981.

[Tat97] Junichi Tatemura. Visualizing document space by force-directed dynamic layout. In
Proceedings of the IEEE Symposium on Visual Languages, pages 119–120, 1997.

[TdBB88] Roberto Tamassia, Giuseppe di Battista, and Carlo Batini. Automatic graph drawing
and readability of diagrams.IEEE Transactions on Systems, Man, and Cybernetics,
18(1):61–79, January 1988.

[Tol96] Ioannis G. Tollis. Graph drawing and information visualization. InACM Computing
Surveys, volume 28A, 1996.http://www.utdallas.edu/˜tollis/SDCR96/
TollisGeometry/ .

[Tom01] Tom Sawyer graph layout toolkit. Tom Sawyer Software, 2001.http://www.
tomsawyer.com/glt/index.html .

[TS01] Tom Sawyer glossary. Tom Sawyer Software, 2001. Very brief explanations
in short words.http://neoteny.eccosys.com/˜deivu/portfolio/tom/
before/glossary.html .

[TTV91] Roberto Tamassia, Ioannis G. Tollis, and Jeffrey S. Vitter. Lower bounds and parallel
algorithms for planar orthogonal grid drawings. InProceedings of the Third IEEE Sym-
posium on Parallel and Distributed Processing, pages 386–393. IEEE, 1991. (Extended
Abstract).

[Wal98] John Wallin. Description of the Barnes-Hut algorithm. George Manson University,
Physics & Astronomy, 1998.http://www.physics.gmu.edu/˜large/lr_
forces/desc/bh/bhdesc.html .

[Wei98] Mark Allen Weiss.Data Structures and Problem Solving using Java. Addison-Wesley,
1998. ISBN 0-201-54991-3.

[WM99] Vance Waddle and Ashok Malhotra. Ane log e line crossing algorithm for levelled
graphs. InProceedings of the Symposium on Graph Drawing[GD’99], pages 59–71.

[Wol98] Josef Wolte. Information Pyramids: Compactly visualising large hierarchies. Master’s
thesis in Telematics, Graz University of Technology, Institute for Information Processing
and Computer Supported New Media, 1998.

[XSL01] The w3c’s xsl page, 2001.http://www.w3.org/Style/XSL/ .


