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Foreword

Shape is fundamental to man and to mathematics. From the delineation of early Egyp-

tian fields to Euclid and Pythagoras to current geometers and geographers, the notion of

shape is fundamental. And as mathematicians, we prefer regular shapes; triangles, rect-

angles, and other convex polygons; circles, parabolas, and other conic sections, because

we can compactly describe them in functional notation and reason about them.

But many shapes that are of practical importance to us are not regular. The topogra-

phy of the earth is one. How do we describe the shape of the earth’s surface? Abstractly

we can say it is round or, more accurately, ovate. But that description is of little prac-

tical use to those of us living on the surface. Indeed for much of history, the global

structure was regarded as flat, with no practical consequences to the lives of men. But,

the presence of hills, ridges, and rivers is of great importance. The most common way

to describe these, and other spatial phenomena, is with a map.

Ancient cartographers commonly described mountain ranges with inverted V’s.

These denoted the presence of mountains but did little to describe their shape. The

use of contours as a descriptive tool did not emerge until the last 100 years or so. Yet

even these are difficult to reason because they too are irregular shapes, but of one

lower dimension.

Use of computer visualisation to describe the shape of surface terrain has made

enormous strides in the last three decades. We can project triangulated surfaces; we

can rotate them and zoom in for different perspectives. But in spite of the extraordinary

intuitive comprehension that such visual descriptions provide, we still cannot reason

about them.

Of course, we can create a dense array of elevation data. Now we can make assertions

regarding minimal and maximal values. By assuming an interpolated, smooth, and

differential surface, we can also define local properties such as slope and curvature.

But neither of these seems to adequately describe spatial shape that tends to be global

in nature.

The introduction of surface networks and Reeb graphs represents a more recent

effort to describe the shape of a surface in a way that relates surface elements that

may be rather distant. These structures are discrete, compact descriptions, and thus

more amenable to logical analysis. Much of this will become evident as you peruse

the following chapters. By collecting together in one place selections from the leading

researchers in this exciting field, the editor, Sanjay Rana, has provided a significant

service to all practitioners, not just geographers, who deal with spatial shape. Read

carefully and you may find yourself seeing our familiar concepts of topological shape

in a very different light.
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This field probably began in 1870 with James Clark Maxwell’s musing about Hills

and Dales. But his approach was largely intuitive. The real formalisation was initiated

by Marston Morse in a series of articles beginning in 1925 with the publication of

Relations Between the Critical Points of a Real Function of n Independent Variables. If

you become intrigued with the fascinating applications of Morse theory presented in

this book, I urge you to read either this seminal paper or one of the more accessible

books by Milnor, Morse Theory (1963) or Morse and Cairns (1969). Both indicate how

mathematically rich this approach can be, particularly as we seek to describe shape in

higher dimensions.

Morse theory was taken up by researchers in various fields in the 1970s. I believe

that I, a computer scientist, coined the term surface network. But the concepts appeared

in other disciplines as well. For example, C. K. Johnson (1977) wrote of Peaks, Passes,

Pales, and Pits in crystallographic density maps. However, it was the quantitative geog-

raphers who really embraced these concepts. Already by the 1960s, William Warntz

had introduced the essential ideas on the basis of Maxwell’s and Cayley’s papers.

Warntz was modelling the Topology of Socio-Economic Terrain and Spatial Flows

(1966). And the application of surface networks geographic terrain was a natural. I

still recall the wonderful discussions at various conferences with early workers such as

David Mark, Michael Woldenberg, Tom Peucker, Carrol Johnson, Waldo Tobler, and

of course, Warntz himself regarding effective ways of modelling terrain. Not all felt

surface networks were the answer; but all were conversant with its principles.

While we naturally associate two-dimensional surfaces with the surface topography

around us because of its intimate involvement with our everyday life, it is better to

approach the topic thinking in terms of general functions f (x1, . . . , xn) of n variables.

After all, you will encounter applications in this book as different as the surface shape of

a grinding wheel to the shape of three-dimensional volumes comprising body cavities.

Neither has the shape characteristics of a water-eroded topography.

To ensure reasonable shape properties, most, but not all, of the following authors

will require that the abstract surface f (x1, . . . , xn) be twice differentiable and that the

Hessian matrix of partial derivatives be everywhere non-singular. Wow! These appear

to be powerful constraints. But we find that in many applications, such conditions

accurately reflect the true surface, or a close approximation of it. Thus, we ensure

mathematical tractability. But as powerful as the calculus of partial differentiation is at

capturing local behaviour, it is notoriously weak at capturing global behaviours. The

identification of minima and maxima seem only to tell part of the story.

The genius, I think, of Maxwell and Morse was to focus on saddle points (or passes,

or critical points, or points of equilibrium) where the gradient is also zero, rather than

on just the extrema. These saddle points seem to be the key to describing topological

shape in the large. Think of the role of passes in planning a transcontinental railroad.

As you read on, you will see the pivotal role that saddle points, or whatever name the

author uses, play in surface networks and Reeb graphs.

Surface networks and Reeb graphs provide a language for describing spatial shape.

As with any descriptive tool or language, there are several universal themes that must

be considered. First, what kinds of assertions can be made using the structures of

the descriptive system? Do they help us to understand or manipulate the underlying

phenomena? Second, how much compression does the descriptive system provide? Are
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the important features of the underlying phenomena efficiently conveyed? Third, can

we abstract within the system? That is, can we discern, within the system alone, more

important features and create faithful descriptions that eliminate less important details?

Clearly, this is related to the second theme, yet is still quite different. Finally, does the

system support a description of phenomena change? Few systems, or languages, do.

Almost all our formal systems of expression and thinking are concerned only with a

description of state. They presume a static phenomenon. Perhaps only the calculus is

really concerned with describing change.

As you read the individual contributions in this book, you should be forcibly struck,

even as I was, by the creativity and imagination of the authors as they tackle these uni-

versal themes. They have not found all the answers to the thorny question of describing

irregular shapes. However, they have laid a firm basis on which to build.

Finally, as one of those who made a small contribution at the beginning of this

research area, I would like to make a prediction regarding its future. Describing the

global shape of a functional surface is difficult. Describing how it changes, in the large,

over time is orders of magnitude more difficult, but often more important. From the

movement of offshore barrier islands to the spatial spread of an epidemic, it is the

nature of the change that must be described if we are to understand the forces causing

the change. It is here that surface networks, I believe, have their greatest potential.

The importance of graph-like descriptions such as surface networks have been largely

overlooked, I believe, because so much of the rich detail found in a typical functional

surface has been abstracted away. It is a bit like representing the human body with a

stick figure. Only very small children do that. But stick figures have been fundamental

in describing and analysing human movement. How does the knee joint move relative

to the hip when a child is skipping? How does the saddle of a sand bar rotate relative

to the peak in a north-east storm?

If my conjecture is correct, there is a wide-open field of inquiry that should be

explored. The wealth of insight offered by the contributions of this book should be

of great value in any such exploration. They will certainly be of interest to anyone

concerned with the representation of irregular shapes.

John L. Pfaltz

Charlottesville, VA





Preface

The idea of the book was born out of my long search for a starting point of references

on surface network that could put me in the right direction during the initial days of

the PhD. During the MSc (GIS) dissertation on surface network, I found a number

of interesting and novel challenges in the topic. My literature survey during the MSc

(GIS) dissertation was very limited. Thus before embarking on a brainstorming on the

unresolved issues I decided to do further literature review, somewhat hoping that I

would not find much material, thus strengthening the novelty of my doctoral research.

To my surprise, I started to find many research works mostly from computer science.

The discovery of the literature in computer science was exciting and also revealed

many duplicate researches and multiple terminologies for the same concept. In mid

2001, I realised that a book that presented all this diverse literature could be a good

idea for future researchers.

I do realise that this book has a relatively narrow focus. But, I think the diversity of

the applications of topological surface data structures and the related disciplines will

justify the efforts in putting this book together. The book is primarily about the topo-

logical data structure for continuous surfaces called surface network. However, two

other significant related data structures called Reeb graphs and contour trees are also

included to broaden the scope of the book. The book is divided into two parts. The first

part contains chapters that define the topological surface data structures and explain

the various automated methods for generating these data structures. The second part

demonstrates a number of applications of surface networks in diverse fields ranging

from sub-atomic particle collision visualisation to the study of population density pat-

terns. Most of the chapters in the book are based on previously established prominent

research works on surface networks. The age of the research works vary from the

1980s to 2003. The authors of the chapters are mostly from geographic information

science and computer science in which the most research on surface networks has

taken place.

Despite the broad background of the authors, I was very fortunate to get positive

responses from all the chapter authors. I would like to thank all chapter authors who

despite their hectic schedule agreed to spend their time in preparing the manuscripts

for the book within the prescribed timetable. I am also grateful to Paul Longley for his

generosity in approaching Wiley on my behalf and suggesting the idea of the book to

Wiley Publishers, John Pfaltz for writing the foreword for the book and supplying both

materials and intellectual support during the write-up of the work, Shigeo Takahashi
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for his excellent hospitality and Japanese pizza during my visit to his laboratory in

Tokyo, and Mike Batty and Jo Wood for their comments on the book proposal. Finally,

I want to thank Wiley Publishers Book Editors, Lyn Roberts and Keily Larkins, for

providing me the opportunity to put the book together and for their patience despite a

month’s delay in the submission of the manuscript.

Sanjay Rana

London


