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Abstract

This thesis is concerned with the automatic layout of metro maps using a hill climbing
multicriteria optimiser. Metro maps are a widely used tool for the visualisation of the
interconnecting services on a public transport network, allowing the user of the network
to quickly and easily plan their route between stations. The difficulty of manually
drawing these maps means that their use has been restricted and it is difficult to apply
the metro map metaphor to other application areas beyond public transport networks.

This thesis introduces a method for drawing metro maps based on a graph model us-
ing a hill climbing multicriteria optimisation method. This method combines a number
of criteria for positioning nodes (stations) taking into account aesthetic properties such
as the angular resolution of edges, the octilinearity of edges, the length of edges and
the straightness of lines. Another set of criteria handle the labelling of station names
by considering the number of occlusions that the labels make and the positioning of the
labels relative to other labels. A number of clustering and partitioning methods are also
used in response to particular local minima in the search space.

The metro map layout method is demonstrated for a number of real-world examples,
which are then evaluated empirically. This evaluation compares metro maps drawn with
our method against metro maps currently in use as well as geographic maps of the metro
network. This tests the hypothoses that maps drawn using this method are preferred
by users and that they can be better for route-finding tasks in terms of the accuracy
and time taken to complete those tasks.

This thesis concludes with a discussion describing how the metro map layout method
can be applied to other application areas such as the visualisation of project plans and

website navigation maps. Also described are details of ongoing and future research.
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Chapter 1

Introduction

Metro maps can be seen worldwide and have possibly become one of the most memorised
cartographic items in the world [Dow05, Gar94, Ove03]. Ever since construction of
the first railways began in the early 19th century, there has been a need to map the
networks. This was particularly the case with metro networks, where people needed to
plan short journeys across a city or metropolitan area. Before long, the metro networks
were rapidly expanding and the traditional topographic maps were quickly becoming

cluttered and increasingly difficult to read (see Section 2.2.1).

1.1 Metro Maps: A Brief History of Design

Early diagrammatic maps started to appear at the start of the 20th century. In 1900,
a poster to advertise the ferry service between Harwich in England and the Hook of
Holland was produced by a Dutchman by the name of Henrik Willem Mesdag [Wil47].
These maps were usually seen in advertising and promotional posters where the aim
of using a simplified map of the network might have been to emphasise its ease of use.
Most diagrammatic maps around this time showed only small networks or sections of
larger networks.

The London Underground diagram [TfL05], designed by Harry Beck and first pub-
lished in 1933 [Gar94] (Figure 1.2), marked a significant departure from the more tradi-

tional geographic maps and built on the ideas introduced by earlier simple diagrammatic
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Figure 1.1: London Underground map published in 1926, designed by Fred Stingemore.

maps. Prior to this, geographic maps of the London Underground were used such as
the example designed by Fred Stingemore and published in 1926 (Figure 1.1). Beck
introduced more formalised design rules which have been followed right through to this
day [Rob05], as can be seen in the 2005 map designed by Clockwork (Figure 1.3).

The diagram works by straightening meandering lines with line segments drawn
either horizontally, vertically or diagonally at 45° and by using a non-linear scale so
that the central area of the diagram is shown at a larger scale than the extremities.
The effect is to produce a diagram that proved to be extremely clear and concise and
has even been embraced as an iconic image of London. Following on from the success
of Beck’s version of the London Underground map, most metro networks now have a

schematic map using a similar concept. Schematic maps have also been adapted for use
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with other public transport networks such as overground railways and bus routes. As a
result of the prevalence of such maps many people, particularly in the developed world,
are familiar with them, and are confident in their use.

At first glance, it might appear that metro maps are simple to design. However, this
is seldom the case, and it often requires an experienced cartographer with considerable
skill and design knowledge to be able to produce effective maps. There are many aspects
which together contribute to produce an effective design: the position of stations and
the lines between stations, the width of lines; the symbols used to represent stations
(circles, dots or ticks are most often used, but not exclusively so); the font and size of
text used for labelling; the amount of geographic context and metadata to include (such
as roads, rivers or coastlines); and the size, shape and resolution of the medium being
used to display the maps. Even what may appear to be trivial changes—for example,
slightly increasing the size of labels—can drastically alter the overall appearance and
effectiveness of a map. The challenge faced by metro map designers is to balance these
issues so that the map is as easy to use as possible by people travelling on the metro

system.

1.2 Motivation

The motivation for our research comes from the apparent difficulty in drawing metro
maps. We are keen to explore effective methods of automatically drawing metro maps
or sections of metro maps which can help map designers create alternative (and possibly
improved) designs of existing maps and to provide targetted maps for travellers giving
enhanced route information.

We believe that the metro map as a conceptual metaphor has value as a design
form beyond its current use for navigation of public transport networks and can be
applied to other application areas such as for the visualisation of project plans or website
navigation. However, if these application areas are to be realised, some way for metro

maps to be more easily produced is necessary. This thesis ultimately describes how we
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have implemented a novel method for the layout of metro maps, empirically evaluated

the layout and then described how it can be applied to other application areas.

1.3 Contributions of this Research

The main contributions of this research are:

e A novel method for the layout of metro maps which uses a hill climbing multicri-

teria optimiser that combines the following elements:

— the movement of individual nodes to more optimal locations based on a set
of six node movement criteria which take into account such features as the
length of edges, the angular resolution of edges around a node, edge crossings,

the straightness of lines and the regularity of angles of edges;

— the identification of clusters by finding overlength edges and partitioning the
graph and the movement of these clusters using the same set of criteria as

for individual nodes;

— the repositioning of labels in more optimal locations based on a set of seven
labelling criteria which incorporate label occlusions, label position, the con-
sistency of label position, the proximity of labels to other nodes and the

distance of a label from the node it belongs to.

e An empirical evaluation that provides statistical evidence to support our hypothe-
ses that automatically-drawn metro maps are better for route planning tasks than

geographical maps.

e The adaptation with examples of our metro map layout method to novel applica-
tion areas where metro maps have not previously been used, particularly that of

the visualisation of project plans and website navigation.

1.4 Thesis Outline

The structure of this thesis is as follows:
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Chapter 1 (this chapter) introduces the metro map as a tool for visualisation and

outlines our motivation and contributions of this research.

Chapter 2 provides detail on the areas that this research draws upon, such as graph
theory, graph drawing, cartography, map labelling and schematic diagrams. Also
given is a comprehensive analysis of the characteristic features of metro maps

which draws upon the historical evolution of the metro map as a design form.

Chapter 3 describes the process by which we draw metro maps using hill climbing
multicriteria optimisation. It details the process involved in selecting optimum
positions for nodes including the various criteria and rules that we have imple-
mented. The chapter also describes the criteria that we developed in order to

position station labels.

Chapter 4 addresses the problem of moving many nodes in a graph at the same time
by presenting methods in which clusters of nodes can be identified; we also show

how the graph can be partitioned.

Chapter 5 describes how the method described in Chapters 3 and 4 was implemented.
We explain how we determined effective criteria weightings as well as provide an

analysis of particular local minima.

Chapter 6 provides a set of results generated using our metro map layout method.
The chapter also contains a discussion of the method used with reference to a

worked example.

Chapter 7 describes how we evaluated our results using an empirical evaluation. The

design, conduct and analysis of results are also detailed.

Chapter 8 describes the modifications to our method that would be required for two
application areas which apply the metro map metaphor to diagrams other than

of public transport networks.

Chapter 9 summarises our conclusions and presents directions for further research.
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1.5 Publications

Four peer-reviewed publications have resulted from this research:

e Jonathan M. Stott and Peter Rodgers. Metro map layout using multicriteria
optimization. In Proceedings of the 8th International Conference on Information

Visualisation (IV04), pp. 355-362. IEEE, July 2004 [SR04].

e Remo A. Burkhard, Michael Meier, Peter Rodgers, Matthias T. J. Smis, and
Jonathan Stott. Knowledge visualization: a comparative study between project
tube maps and gantt charts. In K. Tochtermann and H. Maurer, editors, Proceed-
ings of the 5th International Conference on Knowledge Management (I-KNOW
2005), pp. 388-395. Know-Center, Austria, June 2005 [BMR*05].

e Jonathan M. Stott, Peter Rodgers, Remo A. Burkhard, Michael Meier, and Matthias
T. J. Smis. Automatic layout of project plans using a metro map metaphor.
In Proceedings of the 9th International Conference on Information Visualisation

, PP- -200. omputer Soclety, July .
(IV05) 203-206. IEEE C Soci July 2005 [SRB105]

e Jonathan M. Stott and Peter Rodgers. Automatic metro map design techniques.
In Proceedings of the 22nd International Cartographic Conference, p. 10. Inter-

national Cartographic Association, July 2005 [SR05].



Chapter 2

Background

This chapter introduces the various background material which is relevant to this area of
research. It begins with a list of definitions used throughout this thesis (Section 2.1), fol-
lowed by a discussion of the characteristics of metro maps in Section 2.2. Our definition
of metro map metaphor is presented in Section 2.3.

The next sections describe a number of different methods for graph drawing (Sec-
tion 2.4) and laying out schematic diagrams and cartographic generalisation (Section 2.5).
Map labelling (Section 2.6) and the applications of the metro map metaphor to the vi-
sualisation of abstract concepts (Section 2.7) are also covered. Section 2.8 presents
existing research in the area of metro map layout. The relevance of this background

material to this thesis is highlighted throughout.

2.1 Definitions
The following definitions of terminology are used throughout this thesis.

Cartography The drawing of maps.

Diagram An illustration of the appearance of an object, retaining shape and relations

of various parts, without being an exact representation of the object. A diagram
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Figure 2.1: Examples of different types of diagrams: a Gantt chart (a), an Euler diagram
(b), flow chart (c¢) and a circuit diagram (d).

can also be used to provide a concrete visualisation of an abstract concept. Fx-

amples of diagrams are illustrated in Figure 2.1 andinclude Gantt charts, Euler

diagrams, flowcharts and electronic circuit diagrams.

Embedding An embedding is a particular instance of some structure, X, in another
structure, Y, such that there exists a mapping f : X — Y that preserves the
structure of X. In the context of two-dimensional graph drawing, an embedding

is a mapping of nodes and edges to particular points and lines in a plane.

Generalisation A cartographic process involving the selection, simplification and com-

bination of information when drawing a map.

Graph A graph is a structure that expresses the connectivity of a set of objects. More
formally, a graph, G, is a pair G = (V, E) where V is a set of elements representing
objects (nodes) and E is a set of unordered pairs representing the connectivity of

nodes (edges). The endpoints of an edge, e, are the nodes belonging to that edge.
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The degree, p(v), of a node, v is the number of edges that have v as an endpoint.
A planar graph is one which can be embedded in a plane such that no two edges

intersect.
Graph drawing The process of finding embeddings of graphs.

Map A representation (model) of a geographic feature such that each part of the feature

is drawn corresponding to some fixed scale or projection.

Metro map A schematic that represents a transport network. As a minimum, a metro
map always consists of the following elements: stations which show places where
passengers can board or alight from services, metro lines which show the routes

taken by services, and labels which show the name of stations.

Metro map metaphor A conceptual metaphor that allows the understanding of one
idea in terms of a metro map. More specifically, the application of the design
characteristics of metro maps to concepts other than the illustration of transport

networks. The metro map metaphor is defined in more detail in Section 2.3.

Schematic A diagram that represents the appearance of an object using abstract,

graphic symbols.
Topography The surface features of a place or region.

Topology The study of the nature of space. In terms of the embedding of graphs or
drawing of diagrams or schematics, topology is the consideration of the structure
of the embedding or drawing and the way that constituent features (e.g. nodes

and edges) are interrelated or arranged.

An important distinction must be made between the use of “map”, “diagram” and
“schematic”. This is often confusing: for example, a “metro map” is a schematic and
not a map in the geographic sense. “Diagram” and “schematic” are also often used
interchangeably or even as the noun “schematic diagram”. To avoid confusion, where

possible, we have used the appropriate phrase when taking into account the above
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definitions and have highlighted places where the phrasiology in common use deviates

from these defintions.

2.2 Characteristics of Metro Maps

Metro map diagrams have been around for almost as long as the networks themselves.
Section 1.1 introduced some of the earliest examples of the metro map as opposed to
previous geographic maps.

The requirements of metro maps evolved during the early years of public transport
networks in urban areas such as London. Some of the requirements would be altruistic
and be intended to help the passenger solve route-planning tasks easily. A passenger
might need a map for a number of different route planning tasks including “how do I get
from station A to station B”; “how many stops is it before I have to get off”; “where do I
have to change trains”; “what route do I need to take after I have changed trains”; “what
are the alternative routes to get to my destination” [Dow05]. Commercial pressure may
also have driven the change of diagrams. For example, diagrams that appear clean
and simple give the impression that a transport network is simple to use; straight lines
give an impression of faster and more direct services than might actually be the case;
distortion of scale and equal spacing of stations on a line can give the impression of
shorter journeys (particularly from outlying regions of urban networks).

One of the important features of metro map design is that the topology of the map
should remain invariant, but the designer is afforded freedom to modify the location of
stations and path of lines [Mor96b].

The next section describes how the schematic style for metro maps evolved.

2.2.1 Evolution of the Schematic Design for Metro Maps

It is important to understand the evolution of the schematic style for metro maps in order
to appreciate the features which characterise the schematics over equivalent maps [AH06,
Dow05, Gar94, Ove03]. The railway revolution in Britain during the mid 19th century

saw the construction of nearly 10,000km of new railways and in many cases the British
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