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Quand la brume du matin fut dissipée, 
je restai bouche bée devant le spectacle que m’offrait la nature. 

J’avais trois jours libres devant moi. 
A l’évidence, le temps n’existait déjà plus. 
Je décidai de suivre mon inspiration…1 

 
Anon. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

1 ‘When the morning mist drifted away,  
I stood lost in wonder before the spectacle that nature offered me.  
I had three free days ahead of me,  
but it seemed that time had already lost its meaning.  
I decided to follow my inspiration…’ 
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In your hands you are holding the first of a three-volume set about perceiving, interacting, 
and optically generating two and three-dimensional images. 

Sorry, I should qualify that. Although it’s quite likely you’re holding this in your hands, the 
technologies Barry describes introduce a new possibility: that you’re flipping through its 
virtual pages in a light-field display with a 6-DOF interaction wand. 

I don’t mean to be glib, especially given my surprise that I have the honour of writing this 
Foreword. The author needs little introduction; he is a highly-regarded historian of ‘the 
technology of images’, with a deep knowledge fuelled by his own groundbreaking work in 
volumetric 3-D display. I have learned a great deal in the pages of Barry’s writings since I 
entered the field of 3-D display in 1988. 

This book is exciting for two reasons. First, you’ll learn - in a very clear, completely 
illustrated manner – about perception, interaction, and image display. For example, in 
perception, you’ll encounter the architecture of the eye, a deep catalogue of depth cues, and 
the visual cortex. You’ll learn about haptics and interaction, including the fundamental Fitts’ 
Law of visual and physical target acquisition. The book is rounded out (so to speak) with 
Barry’s excellent teachings on a complete variety of three-dimensional displays, spanning 
stereoscopic, lenticular, parallax barrier, and volumetric systems. 

The citations are absolutely extraordinary, even if taken on their own. Hundreds of papers 
and patents are cited – from the earliest work in perspective-drawing and the human visual 
system – to volumetric 3-D displays. I am jealous of Barry’s personal research archives! 

Second, I enjoy his writing because he magically expresses treasure-troves of deep 
historical and scientific knowledge underlying a variety of topics. Ever wonder not about who 
really invented the stereoscope, but what they argued over? What’s a horopter or how do you 
compute 3-D imagery? Never mind ‘what’s a volumetric display’, what might its embedded 
electronics look like? 
 

‘Why does she stop, and look often around, 
As she glides down the secret stair; 
And why does she pat the shaggy blood-hound, 
As she rouses him up from his lair;’ 

Foreword  
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I hope you’ll agree that a book of this sort has really been a long time coming. When I got a 
sneak preview, I certainly enjoyed page after page of history and science that was new to me, 
even after working in the display industry for 20 years. 

Students of perception, displays, or interaction: get this book. It is an efficient and very 
sympathetically-written work that will bring you up to speed immediately. I anticipate that 
hardened experts will delight at the hundreds of difficult-to-find references cited here, too. 

Whether you’re in a bookstore or voyaging on a quasi-holographic display stage, you’ll 

learn something incredible when you read this book. 

 
Gregg Favalora 

 
August 2010 

 
Former CTO, Actuality Systems, Inc. 

Principal, Optics for Hire. 
(Arlington, Mass.,USA) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 
 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The entertainment industry continues to play a pivotal role in catalysing widespread popular 
interest in 3D display techniques. From cinema to games, ‘cool’ 3D technologies are 
attracting unprecedented levels of attention and offer to enhance the visual experience by 
augmenting traditional image depiction methodologies - fundamentally based on techniques 
derived by artists during the Italian Renaissance period some half a millennium ago - with the 
binocular, and in some cases motion parallax cues to depth. In this way the complex human 
visual system can be presented with image scenes that more closely mimic key characteristics 
of our real world experience. This not only advances our ability to almost effortlessly gauge 
absolute and relative distances within an image scene, but can also provide numerous other 
important advantages including augmented realism, enhanced immersion and opportunities to 
incorporate additional, vibrant forms of creativity within the entertainment experience.  

Interest in 3D display and spatial interaction interfaces is by no means limited to our 
perpetual quest to be entertained, and numerous other areas of endeavour are increasingly 
capitalising on the opportunities offered by such technologies. These not only include 
applications involving the visualisation of complex multivariate data sets of the type 
commonly encountered in science, medicine, mathematical analysis and engineering, but also 
areas where interaction plays a crucial role. In this latter respect 3D display technologies can 
facilitate intuitive and synergistic interaction by, for example, enabling tasks that are 
inherently three-dimensional to be carried out within a 3D design space. This has the 
potential to revolutionise many aspects of our interaction with the digital domain and to yield 
numerous radically new applications. 

Current advances are founded upon many decades of wide-ranging pioneering activity. 
For example, displays fundamentally based on the principle of the stereoscope can be traced 
back to pioneering work carried out by Charles Wheatstone and Sir David Brewster in the 
first half of the nineteenth century, and volumetric technologies to the first two decades of 
the twentieth century. Indeed current interest in the formation of so-called ‘free-space’ images 

PREFACE  

‘Who meets them at the churchyard gate? 
The messenger of fear and fate! 
Haste in his hurried accent lies, 
And grief is swimming in his eyes. 
All dripping from the recent flood, 
Panting and travel-soil’d he stood, 
The fatal sign of fire and sword 
Held forth, and spoke the appointed word’ 
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dates back even further – to the surreal multi-sensory experience of the Phantasmagoria, 
which was pioneered in the latter part of the eighteenth century.  Since those distant days a 
diverse range of 3D display technologies have been the subject of extensive research effort. 
This fascinating history retains its relevance because it provides an insight into an extensive 
evolutionary process and so enables us to better evaluate the merits of current achievements. 
Furthermore, various display paradigms failed not simply as a consequence of inherent flaws, 
but rather because they could not be properly realised without recourse to technologies that 
have since become readily available. Indeed in the case of the numerous displays prototyped 
prior to the 1960’s, the processing and throughput of image data represented a significant 
difficulty and necessitated the use of analog computation with the data capture and display 
hardware being directly connected (without recourse to intermediate data buffering). Thus it 
is instructive to re-visit some of the ingenious approaches proposed in the past and examine 
ways in which they can be re-engineered to satisfy our need to visualise and interact with ever 
more complex data sets. 

It is of course important to consider the sustainability of current levels of interest in 3D 
techniques, and in this context it is prudent to be aware of potential pitfalls. Consider, for 
example, the movie industry. Here, despite the major investment currently being directed 
towards the production of 3D content, coupled with the great benefits offered by digital 
processing techniques, the presentation of three-dimensionality to the human visual system 
continues to be fundamentally based on techniques widely adopted by Hollywood studios in 
promoting 3D prior to and during the 3D boom of the 1950’s: 

 
‘But from the motion picture industry’s point of view, the “64-dollar” question at the present 
time is whether the general public will be sufficiently impressed by three-dimensional pictures to 
accept the inconvenience of having to wear special viewing glasses.’     

 
In fact this quotation is taken from an article written almost sixty years ago [Watson 1953] 
and today, as we look a few years hence, we are still unable to answer this question with any 
certitude. In the same article the author also asks: 
 

‘Has Hollywood really “got something” which will shake the movie world as did sound or will 
the whole thing fizzle out, as have similar ventures before?’ 

  
In reality, much is likely to depend on the willingness of the industry to perceive current 
techniques as a first - albeit major - milestone in the delivery of 3D content and to quickly 
progress to more advanced paradigms that are able to extend the creative opportunities 
offered by digital 3D and (most importantly) which more naturally and synergistically 
interface with the human visual system. Indeed the prospect of becoming locked into stylish 
but non-optimal 3D technologies at too early a stage is an issue that may well impact on the 
acceptance and usage of 3D systems in general. In this context it is important to recognise 
that it is most unlikely that it will be possible to develop a universal 3D technology that is 
optimally suitable for use across all (or even the majority) of applications. Furthermore, in 
promoting 3D display and spatial interaction systems it is important to distinguish between 
instinctively perceived benefits, and their actual, verifiable advantages. Within this context 
relatively little research has been undertaken to date in applying state-of-the-art techniques to 
analysing and quantifying the benefits that 3D technologies may have in areas such as medical 
treatment planning and the visualisation and manipulation of complex data sets. Naturally, 
this type of information is crucial in identifying the display platform best suited to a particular 
application and - most importantly - in justifying financial investment in 3D solutions. 

With such notions in mind, this book has been developed as the first of a three-volume 
work primarily intended to support researchers, product developers, students and end-users 
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who may wish to gain a broad insight into 3D display paradigms and spatial interaction 
techniques. The book provides foundation content on which subsequent volumes build. 
Areas discussed in this volume include:        
 
1. Consideration of the traditional flat screen display and various associated 
interaction tools: Here we refer to usability issues and outline exemplar areas where this 
general form of interface is inhibiting our interaction with the digital domain. Interaction 
tools such as the mouse and joystick are considered in the context of Fitts’ Law (model). In 
the case of touch screen techniques we emphasise technologies that may be employed in their 
implementation. Discussion of spatial interaction techniques focuses on gesture-based 
approaches employing both hands and wand-based tools.   
 
2. Milestones in the evolution of image depiction: In this discussion we consider aspects 
of painting in classical times, the crucial importance of the Italian Renaissance (giving 
particular emphasis to the geometrical mapping of 3D perspective space onto the 2D tableau 
along with the quest for techniques which both support and transcend photorealism), and 
relate this history to current state-of-the-art display modalities. This commentary includes 
discussion on the somewhat mysterious circumstances surrounding Filippo Brunelleschi’s 
demonstration of the use of accurate mathematically-based perspective techniques in the early 
fifteenth century, and the long hidden anatomical structures that Michelangelo Buonarroti 
appears to have incorporated within his Sistine Chapel frescoes.       
 
3. Discussion on aspects of the human visual system, somatosensory perception and 
proprioception: Within this context, we emphasise that a key difficulty in the development 
of creative 3D display and spatial interaction systems concerns their ability to naturally 
interface with, and take full advantage of, the relevant human sensory systems. Consequently, 
it is vital that the quest for optimal 3D display and integrated interaction systems should 
include continual reference to characteristics of our complex and fascinating human sensory 
systems. 
 
4. Consideration of the history of stereoscopic image depiction: We include discussion 
on the principles that underpin the formation of both stereograms and autostereograms. 
Numerous exemplar stereograms are reproduced and details are provided concerning the 
creation of stereograms using either a digital camera or simply paper and pencil. 
 
5. Discussion of a broad range of stereoscopic and autostereoscopic 3D display 
technologies within the context of a display classification framework: We include 
commentary on parallax barrier and lenticular sheet techniques, dynamic multiview systems, 
immersive and augmented reality technologies (including the CAVE and CAVE-like displays), 
static and swept-volume volumetric displays, varifocal techniques, the direct retinal projection 
paradigm and hybrid volumetric/multiview and varifocal/stereoscopic systems. Additionally 
we consider the projection of images onto ethereal screens (both sheet water and particle-
based).  
 
6. The identification and consideration of various forms of image space associated 
with current display technologies: Here we particularly emphasise image attributes and 
interaction opportunities and outline issues relating to the formation of so-called ‘free-space’ 
images. Additionally, we consider the origins and evolution of certain forms of image space 
and include commentary on Pepper’s (Dirck’s) Ghost and the surreal Phantasmagoria 
experience. 
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We appreciate that it is quite likely that the reader will wish to focus (at least initially) on 
topics that are of particular interest. Consequently where practical, sections of the book have 
been compiled in such a way as to be reasonably self-contained, and extensive cross-
referencing is included. In this way we hope the reader will be able to comfortably peruse 
content without necessarily following the author’s order of presentation.  

A transdisciplinary approach has been adopted in the book’s design with the intention of 
making wide-ranging content accessible to a broad audience. Consequently, where possible 
we have avoided the use of acronyms and unnecessary technical jargon (a summary of 
acronyms is provided immediately prior to Chapter 1). And for readers interested in perusing 
topics in greater depth approximately seven hundred references are included.  

As with several of the author’s previous books, each chapter opens with an illustration 
and brief fragment of verse. In this case, these are taken from Alfred Lord Tennyson’s ‘Idylls 
of the King’, illustrated by Gustave Doré, and provide simple examples of two modalities of 
expression which are equally able to impinge on our imagination – content transcending the 
medium via which it is delivered.1 

I have greatly enjoyed the many months during which I have been immersed in preparing 
this book. It is my sincere hope that the reader may derive the same degree of pleasure from 
perusing its content! 

 
 

Barry G. Blundell 
December 2010, France. 

 
Emails: barry.blundell@physics.org 

barry.blundell@yahoo.com 
 
 

 
 
 
 

                                                
1 Verse fragments and images reproduced in the opening sections and in the Appendix are taken from the 
poems of Sir Walter Scott: ‘Scott’s Poetical Works’, Gall & Inglis, circa 1880. 



 

 

 
 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
I began writing this book early in December 2009, and it was amid a backdrop of deep snow 
and magically intricate fractal ice patterns covering the windows that the book’s framework 
was set out. Short hours of daylight quickly giving way to the profound silence of Stygian 
darkness – an ancient log burner emitting a feeble, but cheering, warmth and winds that 
chilled to the very bone. Indeed an evocative time, and despite vaguely irritating physical 
inconveniences (computers so often become unreliable when operated at temperatures below 

-12C…) I firmly believe the winter months to be the most wonderful and productive period 
in which to write, for with the onset of spring nature presents a myriad of distractions – and 
any self-respecting author is all too easily distracted.    

There is little doubt that without the remarkable visionary purpose and patronage of 
Richard Wood this work could not have been carried out. I should therefore like to begin by 
expressing my sincerest thanks to him for his commitment, patience and advice during the 
authorship process.   

My sincere appreciation to all my family – especially Jandy, Alys, Quintus and Gryphon. 
Jandy’s direct contribution is extensive. Not only has she carried out wide-ranging and 
extensive research for the book but has also spent long hours editing my text (which is 
certainly not an undertaking for the faint-hearted) and carrying out the increasingly 
complicated task of obtaining permissions to reproduce material from other sources. Indeed 
this book represents our joint efforts.  
 Particular thanks to Professor Rűdiger Hartwig. I am especially grateful not only for his 
wise and ever helpful suggestions, but also for the diagrams that he prepared for Figure 4.28 
together with other material reproduced in Chapters 6 and 9. During the time spent writing 
this book, I was delighted to be able to make a brief trip to Germany and it was a privilege for 
me to meet again with both Rűdiger and Herta after so many years.  

‘She fill’d the helm, and back she hied, 
And with surprise and joy espied 
A Monk supporting Marmion’s head … 
Deep drank Lord Marmion of the wave,’ 

ACKNOWLEDGEMENTS  
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 I should also like to express my gratitude to Martin Keating for designing the book’s dust 
jacket and also to the various people who have contributed images which are reproduced on 
this cover. 

In terms of supplying material for inclusion in the book, I should like to thank Mme 
Cécile Creuzon, Dr Alan Sullivan, Janet Tamblyn, Bill Hillman, Dr Rafael Tamargo, Professor 
Malcolm Baird, Professor Stephen Westland, Professor Stanley Coren, Professor Henry 
Fuchs, Professor Maxine Brown, Jason Taylor (Tsunami Waterscreens), Kathy Hall (Inition), 
Byron Spice, Peter Barnum, Professor Nicholas Wade, and Dr Val Marinov. I should also like 
to express my appreciation for the help of Pam Blake, Bob Aldridge and Keith Webb of the 
Stereoscopic Society in the UK, and to Mike Hillyard, Bob Pryce, Brian Padgett, Bruce Mills, 
David Robinson, Eric Silk, Fred Lowe, Ian Hastie, Tony Holmes, Ray McMillan and John 
Ralph for granting permission for the reproduction of a number of outstanding stereoscopic 
images in Chapter 6 (see Figure 6.6). My thanks to staff at Oblong Industries, Canesta Inc, 
Eski Inc, and Cambridge Consultants. I should also like to express my sincere gratitude to 
Stéphane Briault of AMDC Informatique who has provided great assistance in dealing with 
obdurate computers and erratic network connections.  

I would especially like to take the opportunity of thanking Thomas Weynants - not only 
for his most helpful, informative and enjoyable correspondence but also for giving his 
permission for the reproduction of photographs of his wonderful Moisse Phantasmagoria. I 
also greatly appreciate his making it possible for me to reproduce the fascinating 
Phantasmagoria poster that he recently unearthed (Figure 7.13(b)). 

Special thanks to Gregg Favalora, for writing the Foreword to this book and for giving 
permission to reproduce images of the Perspecta display technology. My gratitude also to 
Chris Sugnet for his wise counsel and to Adam Schwarz for his contributions to the earlier 
work ‘Creative 3-D Display and Interaction Interfaces’ which was published by John Wiley in 
2006. 

A vast amount of literature has been published in connection with the wide-ranging topics 
covered in this book. References cited here and discussed in the text represent only a tiny 
fraction of the available material. At AUT, particular thanks to all the staff who deal with 
interloan requests, particularly Deidre Ashton and George Gong. I well appreciate their hard 
work in tracking down often quite obscure publications.  

Finally, I should like to mention Jasper who once again snoozed his way through the 
preparation of yet another book. Despite reaching the age of fifteen, he was until several 
weeks ago invariably to be seen in his basket next to my desk. I very much miss his 
unquestioning companionship.  

And so work on this first volume draws to an end. Sincerest thanks to all mentioned 
above – and also to the many other people who have directly and indirectly assisted in the 
book’s preparation.     

 
 

Barry G. Blundell 
December 2010 
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AC Alternating current 
A/C Accommodation/convergence (breakdown) 
AR Augmented reality 
BBN Bolt, Beranek and Newman (varifocal system) 
BW Bandwidth 
CAVE CAVE Automatic Virtual Environment 
CFF Critical flicker frequency 
CNS Central nervous system 
COP Centre of projection 
CRS Cathode Ray Sphere 
CRT Cathode ray tube 
DC Direct current 
DLP Digital Light Processing (projector) 
DMD Digital micro-mirror device 
DMM  Deformable membrane mirror 
DOF Degrees of freedom 
EVL Electronic Visualization Laboratory (USA) 
FOV  Field of view 
FTIR Frustrated total internal reflection 
HMD Head mounted display 
HPO Horizontal parallax only 
IR Infrared (radiation) 
ITO Indium tin oxide 
IVR Immersive virtual reality 
LCD Liquid crystal display 
LED Light emitting diode 
LGN Lateral Geniculate Nucleus 
MT Mediotemporal area 
PDA Post deflection acceleration 
RA Rapidly adapting (receptors) 
RAVE Reconfigurable Virtual Environment 
RGB Red Green Blue (projector) 
SA Slowly adapting (receptors) 
SOE Surface of emission 
TIR Total internal reflection 
TLO Transient light output 
UV Ultra violet (radiation) 
VDU Visual display unit 
VR Virtual reality 
WYSIWYG What you see is what you get 
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1.1 INTRODUCTION 
During the course of the last three decades the basic personal computing paradigm has 
become a de facto standard. Automated low-cost, mass-production techniques have facilitated 
the manufacture of a broad variety of products which, despite some misgivings, have been 
applied to almost every area of human endeavour. It is difficult to remember how we 
managed without such technology and for today’s generation of students, computers have 
always been readily available and are taken for granted. A world without laptop 
computers, Microsoft products, Internet access, ubiquitous technologies and wireless 
connectivity is unknown to them. 

Here, we might say, lies a remarkable and unparalleled story of technological 
achievement. On the other hand, it is interesting to stand back for a moment and 
speculate on the number of hours each week that we spend bound to computers and 
other digital products, attempting to convey our emotionally-driven thought processes via 
imprecise communication skills to machines which operate solely on logic and are 
oblivious to the richness of human dialogue.  

Fortunately, we are remarkably adaptable and adept at problem solving, especially 
when it is possible to apply prior experience to new situations. This human skill greatly 
assists our interaction with digital systems, but in a growing number of situations as the 
diversity and/or complexity of tasks increases we encounter a lack of useful 
affordances, which can erode the value of our wealth of experience. Seemingly 
straightforward tasks become needlessly complicated and consequently frustrating. 
Often we blame ourselves but in truth the underlying problems frequently stem from 
deficiencies in the human-computer interface. Indeed, as computer applications advance 
it is increasingly evident that, in some situations, human creativity is inhibited by the 
standard computer interface imposing needless complexity on tasks that could, in 
principle, be undertaken more readily via alternative interface techniques. 

1 FOUNDATIONS  

 

‘And there among the solitary downs, 
Full often lost in fancy, lost his way; 
Till as he traced faintly-shadow'd track, 
That all in loops and links among the dales 
Ran to the Castle of Astolat, he saw 
Fired from the west, far on a hill, the towers.’ 
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Consider the time we waste each day attempting to identify the command sequences 
needed to accomplish a task, or the time spent waiting for a response to a given 
interactive operation.1 Even cursory consideration highlights the vital nature not only of 
the interface between our human communication channels and the machine, but also of 
the machine’s ability to conform to our expectations of ‘real-time’ response. Has the 
human-computer interface truly been optimised, or is there room for improvement? 
Can further advancement be achieved through fine-tuning existing techniques, or is a 
radical change needed? In fact, the indications are that for certain applications there is a 
need to move forward and augment conventional approaches with radically new 
hardware and software solutions. This is hardly surprising. Much of the architectural and 
software detail of today’s machines was determined years ago, possibly as the result of 
some largely forgotten incident in corporate warfare. In truth, the evolutionary 
development of today’s computers has not always been governed by the survival of the 
strongest and best technologies and techniques, but frequently by the fortunes of 
industry.2  

The three volumes of this book focus on aspects of our interface with the digital world. 
We particularly examine the visualisation of complex data sets that are inherently three-
dimensional (3D) in form, and consider how we can more intuitively interact with such data. 
In this context we explore issues relating to the depiction of data in ways that not only 
support the provision of additional depth cues, but also provide an image depiction region (or 
image space) that moves away from the conventional two-dimensional (2D) tableau. This 
latter consideration is especially important because it opens up opportunities for a range of 
alternative interaction techniques, and throughout this work we emphasise the synergy that 
should exist between display and interaction interfaces. Consequently, in terms of the 
development and application of alternative display paradigms, we consider not only their 
potential to augment the visualisation process, but also their ability to support new interaction 
tools and techniques. 

In the next section we describe the general characteristics of the display and interaction 
systems which form the basis for our subsequent discussions. We refer to these (admittedly 
rather arbitrarily) as ‘creative’ interfaces - a title that is by no means formalised and is of our 
own choice. ‘Innovative systems’, or some other such title, would be equally appropriate. 

Although it seems best to introduce the nature of creative interfaces (and thereby define 
the focus of this work) as soon as possible, it is equally important to place these interfaces in 
context. In Section 1.3 we provide some brief background discussion relating to the evolution 
of computing systems, and in Section 1.4 discuss issues concerning conventional display and 
interaction paradigms. Here we identify various strengths and weaknesses of the conventional 
display, deferring discussion on traditional interaction tools until Chapter 5. Having laid some 
elementary foundations for the scope of the material presented in the three volumes of this 
work, in Section 1.5 we consider areas in which the traditional interface may be non-optimal, 
and discuss how creative systems may augment the human-computer interaction process. We 
focus on three key areas: ‘augmented realism’, ‘augmented information content’, and ‘creative 
design’.  

In Section 1.6 we outline some elementary computer graphics techniques and briefly 
describe the nature of volumetric data sets. Subsequently, in Section 1.7 we present a model 
that identifies several key display subsystems. Finally we introduce terminology relating to the 
two forms of space that we associate with our natural surroundings (‘3D physical space’ and 
‘3D perspective space’) and also with the spatial characteristics of the traditional 2D tableau – 

                                                
1 See Raskin [2000] for related discussion. 
2 In an article by Stan Liebowitz and Stephen Margolis [1996], the history of the QWERTY keyboard is 
discussed. As they indicate, this story is often used to ‘…argue that market winners will only by the sheerest of coincidences 
be the best of the available alternatives’. There are, of course, many economists who would contest this notion. 
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when employed to mimic the perceived linear compression of space with distance (‘2D 
perspective space’). 

 

1.2 CREATIVE DISPLAY AND INTERACTION PARADIGMS  
‘Pure logic is the ruin of the spirit.’3 

 
In this section, we loosely describe features exhibited by the ‘creative’ display and interaction 
systems that lie within the scope of this work. At first sight, the phrase ‘creative 3D display 
systems’ may bring to mind immersive virtual reality (IVR) systems comprising head-mounted 
display hardware and the like (see Figure 1.1), or futuristic holographic approaches. However, 
there are numerous other classes of creative display, some of which have been the subject of 
research activity for a considerable time. The operation of these displays is usually not reliant 
on recent major technological breakthroughs and in some cases the fundamental principles of 
operation have been known for many years. Consider, for example, the image projection 
system incorporated within an immersive virtual reality head-mounted display (IVR HMD) to 
enhance the realism of a 3D scene or structure through the inclusion of the binocular 
parallax depth cue (see Section 2.6.3). This approach, where each eye receives a slightly 
different view of a computer-generated image so that differences in the two views provide a 
sense of relief, is based on the stereoscope, pioneered by Charles Wheatstone and David 
Brewster as long ago as the mid-nineteenth century (see Section 6.3). Interestingly, it seems 
that the first stereoscope employing two electronic displays (one for each eye) and which 
offered an immersive visualisation experience was prototyped back in the 1940’s. This 
implementation is briefly discussed in Section 8.3.1. 

Some classes of creative display do not require the use of special viewing appar atus. 
The classic example of one such implementation is known as the lenticular approach 
(based on the work of F.E. and H.E. Ives in the first half of the twentieth century). In 
one form, a lenticular faceplate comprises a set of cylindrical lenslets and is located on 
the outer surface of a conventional display (see Section 8.2.2). A stereopair is then 
interleaved beneath the lenslets which direct the appropriate view to each eye (see 
Figures 6.26 and 8.10). 

Volumetric systems (see Section 9.2) have also undergone a long period of gestation. 
A patent filed in 1912 by Emile Luzy and Charles Dupuis (see Blundell and Schwarz 
[2000], Blundell [2007]) describes what may well be the first proposed volumetric 
display. Some years later in 1931, John Logie Baird - who was the first to demonstrate 
practical television - filed a patent describing volumetric technologies (UK Patent 
Number 373,196). However, it was not until the second half of WWII that there was a 
resurgence of interest in this area, with the Royal Signals and Radar Establishment 
(RSRE) in England undertaking extensive research into the application of volumetric 
display technologies to the visualisation of radar data [Parker and Wallis 1948, 1949].   

It is therefore readily apparent that the general principles of operation of the majority of 
creative display systems are by no means new. The date when they were first proposed is 
therefore of no relevance in distinguishing these systems from the conventional techniques 
that are invariably used in our day-to-day human-computer interaction processes. Similarly, 
because various classes of creative display draw on and extend the technologies employed in 
the implementation of conventional systems, hardware considerations do not necessarily 
provide the best means of distinguishing between the two. And so for the purposes of this 
book we will differentiate between conventional and creative display technologies by 
assuming that in the case of the latter, there exists a degree of uncertainty in one or more 
of the four areas indicated in Figure 1.2. These are summarised below: 

                                                
3 Attributed to Antoine de Saint-Exupéry (1900-1944). 
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1. Display System Architecture: Any display consists of several well-integrated 
subsystems incorporating a diverse set of technologies (see Section 1.7). In the case of 
many creative 3D displays, a degree of uncertainty currently exists in the technologies 
that should be brought together in their implementation in order to achieve optimal 
performance. By contrast, the architectural arrangement and technologies used in the 
production of conventional flat-screen display systems are now reasonably well-defined. 
 

 
 
 

 

 
 

 

 

 
 

 

 
 

 

 
 

 

 

 
 

 

 
 

 

 

 
 

 
 
 
 
 
 
 
 
 
Figure 1.1: Examples of immersive head-mounted displays (HMD’s). Two display 
screens are mounted within the headsets – one for the left eye and the other for 
the right. An optical arrangement juxtaposed between each screen and eye enables 
the eyes to focus on the image scene. Stereoscopic images are depicted on the 
display screens enabling the viewer to be immersed in a synthetic world and 
perceive a strong sense of the three-dimensional relief. (Upper image reproduced by 
permission of Sensics Inc. and lower image by permission of eMagin 
Corporation.)4  

 

                                                
4 For details of a wide range of 3D technologies see the Inition website at http://www.inition.co.uk (last visited 
December 2010). 

 

eMagin Z800 3DVisor 
Viewing equivalent: 105 inch diagonal movie screen  
viewed at 12 feet 
View angle: ~ 40 deg diagonal FOV 
Head tracking: 360-deg horizontal, >60-deg vertical 
Motion tracking:  6-deg of freedom (6-DOF) 
Aspect ratio: 4 x 3 
Resolution: SVGA: 800 x 600 triad pixels per display  
Number of colours: 24-bit 
Brightness: >50 cd/m2 
Contrast ratio: >200:1 
Weight: <8 oz 

 

 

SENSICS piSight 
Binocular FOV: Up to 179 
Resolution: Up to 2600x1200 
Technology: OLED 
Contrast ratio: >800:1 
Colour depth: 24 bit 
Luminance: 115 fL 
Weight: 1 Kg 
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2. Physical Form and Visual Attributes: The optimal physical form and visual 
characteristics of conventional display systems are well established and have been 
continually refined over the course of the many years during which these systems have 
been used. However, in the case of creative 3D systems, much research still needs to be 
undertaken to optimise the physical form of the image space and determine optimal 
visual attributes of the display. This research is of particular importance if the ensuing 
systems are to be usefully employed across the broadest spectrum of applications without 
undue compromise in performance. 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 1.2: Creative 3D display systems will be defined as having the ability to satisfy 
the binocular and preferably, the motion parallax cues to depth. Furthermore, these 
displays will be assumed to exhibit characteristics such that one or more of the four 
areas indicated in this diagram are not clearly defined and entail a considerable amount 
of further study. 

 
3. Interaction Opportunities: Human-computer interaction via the event-driven user 
interface employed in conjunction with the mouse, touch screen, joystick, and the like is 
well established. However, as we will discuss, creative 3D display technologies offer to 
facilitate the interaction process by means of techniques that have not yet been fully 
explored. Specifically, creative displays provide an image space that is three-dimensional - or 
which appears to be three-dimensional. This is the region that an image may physically occupy, 
or from which it appears to emanate (see Section 7.2). 
 
4. Opportunities created by integrated display and interaction systems: Although the 
role and impact of the conventional human-computer interface is generally well 
understood, relatively little is known with certainty about the benefits that may ultimately 
be derived from creative 3D display systems and associated interaction tools. It is likely 
that the integration of emerging display and interaction technologies (including spatial 
interaction via, for example, haptic technologies and gesture-based approaches) will give rise 
to many novel applications with systems ranging from large installations through to 
miniature hand-held devices and ubiquitous technologies offer ing to provide a diverse 
range of interaction opportunities. The ways in which such systems will impact on  so 
many aspects of our lives remains a matter of conjecture. 
 

 

Creative 3D display systems that exhibit 
the broadest generality of purpose – 

without undue compromise in 
performance. 

Technologies and 
techniques used in 

their implementation 

Physical form and 
attributes of the 
display tableau 

Opportunities for 
interaction and multi-

sensory feedback 

Novel applications for 
integrated display and 

interaction systems  
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1.3 HISTORICAL NOTE 
‘Now are the trees a dimmer green, 

And shaven are the fields of hay, 
A wider rim of dusk between 

The first of night, the last of day.’5 

 
By the end of the 1960’s, practically all of the major architectural ingredients that form the 
basis of today’s computer systems were understood and in use. At that time few could have 
predicted the technological revolution that was poised to take place, and now some forty 
years later it is impossible to guess with any accuracy where it will lead us. There can be few 
other scientific or technological breakthroughs that have gained such widespread adoption, 
application, and acceptance in so short a time. Clearly to have any chance of guiding 
development and so working toward the future we need to fully appreciate factors that have 
led to the proliferation of computers in practically every area of human endeavour. We must 
also attempt to properly comprehend their increasingly pivotal (and complex) role in the 
human creative processes. 

Despite the dominance of computers in our day-to-day lives, the average user has 
difficulty in defining their fundamental characteristics. However, as long ago as the mid-
nineteenth century, Charles Babbage appreciated the potential of a machine that could 
operate via a set of predefined instructions. He also foresaw the power to be derived 
from a machine that could not only follow a sequence of instructions, but that could 
also select different sequences of instructions for execution (according to results 
computed previously, or because of changing input conditions), and moreover 
repeatedly execute a sequence of instructions (until agreement with some form of pre -
defined condition). In short, some 150 years ago, Charles Babbage formulated and 
understood (to a remarkable extent) the potential power of a machine that could 
execute instructions in sequence, by selection, and by repeated iteration. Thus he defined 
the essence of the programmable computer and distinguished it from the simpler 
calculating machine. Furthermore, he was well aware of the need to store temporary 
variables in short-term memory and issue results in printed form at the end of program 
execution. Sadly, despite a lifetime of effort and progress made in the implementation of 
parts of his Analytical Engine, he was unable to fulfill his vision [Swade 2000]. Following a 
visit to Charles Babbage a few years before his death, John Fletcher Moulton, a 
Cambridge mathematician, wrote: 

 
‘In the first room I saw the part of the original Calculating Machine, which had been 
shown in an incomplete state many years before and had even been put to some use. I 
asked him about its present form. ‘I have not finished it because in working at it I 
came on the idea of my Analytical Engine, which would do all that it was capable of 
doing and much more. Indeed the idea was so much simpler that it would have taken 
more work to complete the calculating machine than to design and construct the other in 
its entirety, so I turned my attention to the Analytical Machine’. After a few minutes’ 
talk we went into the next workroom where he showed and explained to me the working 
of the elements of the Analytical Machine. I asked if I could see it. ‘I have never 
completed it’, he said, ‘because I hit upon the idea of doing the same thing by a different 
and far more effective method, and this rendered it useless to proceed on the old lines’. 
Then we went into the third room. There lay scattered bits of mechanism but I saw no 
trace of any working machine. Very cautiously I approached the subject, and received 
the dreaded answer. ‘It is not constructed yet, but I am working at it, and will take less 
time to construct it altogether than it would have taken to complete the Analytical 

                                                
5 ‘July’, Anon. 
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Machine from the stage in which I left it’. I took leave of the old man with a heavy 
heart.’ (Quoted in Swade [2000].) 
 

And so the visionary who was most probably the first person to understand the power 
of the programmable computer failed to achieve his purpose, and after his death in 
1871, many years were to pass before the true significance of his work was fully 
appreciated. 

The history of computer development is of course well documented and many 
fascinating books abound on the subject. 6 Our purpose is not to review this history but 
to briefly focus on a few of the events that have taken place in relatively recent times. 

In the early 1980’s, desktop machines challenged the dominant role played by larger 
centralised installations (mainframes), and minicomputers (able to support a plurality of 
users connected via terminals). The desktop machines became known as personal 
computers (PC’s) or workstations. The latter were high-end professional systems 
offering relatively high-performance processing, support for virtual memory, multi-
tasking, high-performance graphics, network communications, file-sharing, security, and 
so on. However, economies in manufacturing costs due to volume sales, coupled with 
diverse and low-cost applications software, ultimately enabled PC’s to offer similar 
facilities at a much lower price. And so within the space of a few years, the PC gained a 
dominant position. 

With the advent of the desktop machine, users no longer needed to compete for 
processing resources. Performance was guaranteed for each user, and was essentially 
determined by the individual’s hardware and software configuration. Overheads were 
reduced since there was no longer a need to implement the increasingly complex 
algorithms necessary to ensure the equitable sharing of mainframe computer resources 
between users. At around the same time the traditional text-based computer interface - 
as typified by mechanical teletypes, dumb terminals, and screeds of computer paper 
generated by ‘line printers’ - quickly became a thing of the past. This was largely made 
possible by the introduction of affordable raster-scanned bitmap displays.7 Low-cost 
graphical depiction of computer-processed data consequently became possible, and 
offered to greatly assist the user in the visualisation process. 8 Interaction devices such as 
the light pen and mouse became standard (the mouse was in  fact first prototyped in 
approximately 1964; see Section 5.2.1), and this enabled users to circumvent the 
keyboard and work directly with the graphical interface. Concepts refined years before 
for use in mainframe computer architectures (such as virtual memory,  cache memory, 
and multi-tasking) were quickly taken on board.9 

Much of the research undertaken in connection with the development of today’s desktop 
machines took place at the Xerox Palo Alto Research Center (Xerox PARC). In 1971, Xerox 
licensed the right to incorporate the mouse in their computer designs from the Stanford 
Research Institute, and by 1972 had produced the Alto, which provided a 600 by 800-pixel 
bitmapped graphics display [Johnson et al. 1989]. Subsequently the Xerox 800 series 

                                                
6 The reader may find Ross [1986] of interest. In this publication he provides an anecdotal account of some 
aspects of computing in the 1950’s. 
7 In fact, although the term ‘bitmap’ is commonly used in this context, it strictly applies to systems in which 
each pixel is represented by one bit (and is therefore illuminated or otherwise). In the case in which each pixel 
has associated with it a number of bits (defining greyscale, colour, etc.), then it is more accurate to employ the 
term ‘pixmap’ [Foley et al. 1997]. Consequently, we shall generally use this term. 
8 Previously, computer graphics applications were usually based on vector graphics displays (for summary 
discussion see, for example, Blundell [2008]). These were relatively expensive and could generally only be 
afforded by professional computer users. 
9 For discussion on an alternative user interface paradigm, see Bier et al. [1993]. 
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workstation was developed.10 This represented a key advance, being essentially an office 
automation product that facilitated distributed personal computing. Johnson et al. [1989] 
write:  
 

‘Star’s designers assumed that the target users were interested in getting their work done and 
not at all interested in computers. Therefore an important design goal was to make the 
‘computer’ as invisible to the users as possible.’  

 

This is indeed a most laudable objective - but represents a philosophy that is sometimes 
overlooked by the designers of today’s digital products.  

Star’s designers took great care in the design of the event-driven user interface, which 
incorporated windows, icons, and so on. The system made available to the user a 
WYSIWYG11 document editor and other tools that we take for granted today. Furthermore, 
machines could be easily networked, therefore facilitating the distributed computing 
paradigm. In 1981, the 8010 Star Information System appeared (in the same year IBM 
introduced their less expensive PC). It was not a great commercial success, nor was a similar 
machine (Lisa) that was released by Apple in 1983, one year before the appearance of the 
Macintosh. Johnson et al. [1995] writing in connection with the Star suggest: 
 

‘Often the technological trailblazer only paves the way for a second or third product to be 
successful. Perhaps Xerox was simply too early; the ‘knowledge worker’ market did not exist 
in 1981.’ 

 
They go on to discuss various other potential issues including price, lack of an open 
architecture policy, and the fact that the direct manipulation interface (for example, using a 
mouse for selection operations) may not be optimal for all situations.12 In the book, 
‘Fumbling the Future’ (Smith and Alexander [1999]), the authors discuss the failure of Xerox 
to commercially exploit the remarkable Alto, and so bring the PC to market much sooner – a 
matter that cannot be attributed to serious technical problems. 

However, by the mid-1980’s, a hardware configuration not greatly dissimilar to that 
employed in current desktop machines had come into being, prices had fallen, and the global 
proliferation of these computers took place at a remarkable rate. 

At about this time corporate warfare within the computer industry intensified and as a 
result various companies disappeared, seemingly overnight (e.g. Apollo Computers Inc – see 
Figure 1.3). Takeovers resulted not only in the acquisition of commercially exploitable 
technologies but also enabled industry to suppress technologies that posed a threat. In 
parallel, the development of standards became an increasing focus of attention together with 
a demand for backward compatibility. Consequently there was a reduction in the diversity of 
types of workstation. Hardware and software had to conform to standards (which because of 
their complexity are often outdated before their release), while new products had to retain 
characteristics of their predecessors. In fact, these issues have greatly hampered computer 
advancement and perhaps represent the two most significant ongoing difficulties faced by the 
computer industry. 

 
 
 
 

                                                
10 This is often referred to as the Xerox Star. However, ‘Star’ was originally used as a name for the software 
system rather than for the workstation itself. 
11 ‘What you see is what you get’. 
12 In connection with this discussion, see Edwin Hutchins et al. [1986]. 
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Figure 1.3: By the mid-1980’s a diverse range of workstations and operating systems 
had become available. Here, by way of example we illustrate several forms of 
workstation developed in the 1980’s by Apollo Computers Inc. Top right, a photograph 
of the author’s last remaining Apollo DN330. This runs Apollo’s Aegis operating 
system and offers an elegant and efficient event-driven user interface. The unit to the 
right of the display screen contains the floppy disk drive (8-inch) and hard disk 
(72Mbyte) – at that time this capacity seemed to be more than sufficient for most 
applications. Apollo machines were most commonly networked using the token-
passing, ring topology and offered advanced network computing facilities whereby, for 
example, the resources of all interconnected machines could be brought to bear on a 
common computational task. Top left, the author has dusted off the cobwebs from his 
old Apollo DN3000! These machines were able to support both the Aegis and UNIX 
operating systems and could also emulate PC’s running DOS. Lower left, the 
remarkable Apollo DN10000 ‘personal supercomputer’. This high-end graphics 
machine could be configured with up to 4 processors and 4 disk drives. Lower right, an 
image of a DNA molecule created using ray-tracing techniques on a DN10000. In 
~1988 Apollo Computers Inc. was taken over by HP and shortly thereafter the Apollo 
computing ethos was extinguished.   
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Within a remarkably short time, thin panel displays based on liquid crystal, light emitting 
diode and plasma technologies have replaced the traditional Cathode Ray Tube (CRT) 
displays. More than a hundred years have passed since the first implementation of this 
remarkable device (for interesting reading in this area, see Abramson [1987] and Geddes and 
Bussey [1991]). Not only has it played a pivotal role in the depiction of televised and 
computer-generated information, but in passing it is interesting to note that hybrid devices 
provided early computers with the means of storing binary data and rapidly switching 
electronic signals.13 In the next section, we briefly consider some attributes of the 
conventional display that have enabled it to gain such widespread acceptance. 
Subsequently, we discuss several areas in which the shortcomings of the flat-screen approach 
are becoming increasingly evident and are negatively impacting on the way in which we 
visualise and interact with computer systems. 
 

1.4 THE CONVENTIONAL INTERFACE: FLATLANDS 

‘The marriage of reason and nightmare which has dominated the 20th century 
 has given birth to an ever more ambiguous world.  

Across the communications landscape move the spectres  
of sinister technologies and the dreams that money can buy.’14  

 

With the exception of some specialised applications, the flat-screen display plays the 
dominant role in our interaction with computer technologies.15 To place alternative 3D 
display paradigms in context, it is instructive to consider why this approach continues to play 
such a pivotal role. Figure 1.4 summarises some factors relating to the widespread adoption 
of the conventional approach to information depiction. Four of these are briefly considered 
below: 
 
1. Traditional Considerations: From the outset, the use of a flat screen formed a natural 
extension to traditional working practices. Through pictorial methods employed by both artist 
and engineer, rapidly advancing computer graphics techniques have enabled images to exhibit 
an ever-greater degree of realism. Although the foundations of computer graphics techniques 
were established prior to the 1960’s, the first integrated interactive computer graphics system 
is generally attributed to Ivan Sutherland [Sutherland 1963]. Nevertheless, for many years 
graphics terminals represented an expensive luxury and for most computer users, mechanical 
teletypes and visual display units - whose capabilities were limited to the depiction of 
alphanumeric characters - represented the primary means of effecting human-computer 
interaction. As we have seen, it was not until the early 1980’s and the advent of the desktop 

                                                
13 In connection with the latter, see Blundell [2000, 2007]. 
14 Attributed to J.G. Ballard. 
15 As discussed shortly, the flat screen also forms the basic display element in many creative 3D technologies. 

Today’s desktop systems are fundamentally based on an architecture that 
essentially came into existence during a very short period of time. This  
architecture evolved in a manner that was not solely based on scientific 
research, but also on corporate strategies. Advances in hardware and 
software were often not determined by merit alone but by the influence of 
major commercial forces, by conformance to standards (often dictated by the 
largest players in the computer world), by price, and by a need to ensure that the 
new would work alongside the old. In addition, no consideration was given to the 
environmental impact of an architecture that was to be replicated on a vast scale. 
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computer that software and hardware support for graphical data depiction and interaction 
became commonplace. The flat-screen display then provided an electronic tableau that could 
mimic traditional drawing media, and it was only natural that existing design practices should 
be ported across to this new environment. The engineer could at last put to one side the AO 
paper, pencil, eraser, and drafting table, and take full advantage of the features offered by 
digital technologies. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 1.4: Here we illustrate some of the key issues that have led to the almost 
universal adoption of the flat-screen display. This list is by no means exhaustive and 
omits factors such as cost/performance and the flexibility of the technology to match 
ever-increasing performance specifications. 

 
In fact, the traditional approach of depicting mechanical and other engineering objects and 
structures by means of orthogonal views dates back more than 200 years. This drafting 
technique is frequently attributed to the mathematician, Gaspard Monge (1746-1818).  

Monge was a strong proponent of the French revolution, and during this traumatic period 
of change, he lectured in various areas of mathematics. One course that he presented focused 
on descriptive geometry (then known as stereotomy), and included topics such as shadow, 
perspective, topography, and aspects of surface geometry. Based on his teaching, Monge  
produced a textbook entitled Géometrie Descriptive [Monge 1989], and it was here that he 
discussed his double orthographic projection technique, which provided 2D elevation and 
plan views of 3D objects. This had obvious applications in the advancement of military 
engineering. French authorities therefore viewed the book as containing classified material 
and, as a result, its publication was somewhat delayed.16 In summarising aspects of Monge’s 
contributions, Booker [1963] writes: 
 

‘Monge rationalized drawing procedures by showing: 
 
(a) that points and lines in space (and therefore bodies bounded by straight edges) could be 

                                                
16 Monge became an ardent follower of Napoleon Bonaparte, but lost both his position and status after 
Bonaparte’s exile. Booker [1963] writes: ‘Worst of all, the return of the monarchy put him ‘out of favour’ because of his part 
in the death of Louis XVI. He was cut off from all he cherished and, sadly disillusioned, he died in 1818.’. 
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defined and recorded by giving their projections on to two reference planes at right angles to 
one another, 
(b) that true lengths (and therefore shapes and angles) could be ascertained by revolving any 
line or face until it was parallel to one of the reference planes, 
(c) that curved surfaces could be represented by showing their method of generation, and 
(d) that one could define through projections the curves of intersection of penetrating 
surfaces.’ 
 

Without doubt, Monge significantly advanced engineering design techniques, and through his 
inspired teaching in descriptive and differential geometry, he may be said to have significantly 
contributed to the methodologies widely employed by today’s computer graphics systems.17 

 
2. Visual Characteristics: Support for bitmap and pixmap raster scanned displays, rather 
than the more expensive vector graphics terminals, denoted a major advance. Since then 
visual characteristics such as pixel density, refresh rate, and the colour pallet of the display 
have advanced, and today’s high definition systems meet the basic requirements of the human 
visual system (see Sections 2.5 and 2.6). The CRT provided the vehicle by which our 
requirements were properly assessed, and the development of thin-panel display technologies 
has been greatly facilitated by knowing (in advance) target specifications.18 This consideration 
is important as it contrasts with creative 3D display and interaction system research. Workers 
in these areas have no definitive model of the target specifications for which they should 
strive, and the optimal results of their quest have often still to be defined. Similarly, we 
generally do not know with certainty how creative systems will impact on working practices. 
 
3. Homogeneity: This is an essential attribute of the conventional display and is generally 
taken for granted. Consider a geometric object depicted at a certain location on a 
conventional flat screen, which is subsequently shifted to a different place. We expect the 
number and spatial distribution of pixels from which it is formed to remain essentially 
invariant. In short, we expect that it will remain exactly the same size and shape. If th is 
were not the case the screen would no longer provide a predictable tableau and its usage 
would be severely restricted. Homogeneity is possible since the screen provides a matrix 
of uniformly spaced pixels. Moreover, all pixels are the same size and there is no variation 
in the range of properties that may be ascribed to them. As indicated in Section 9.2, a lack of 
homogeneity in voxel19 spacing coupled with a variation in voxel attributes denote 
significant problems in the implementation of several forms of volumetric display and, 
unless such issues are resolved, their usefulness is likely to be limited [Blundell 2000]. In fact 
various other forms of creative 3D display suffer from similar problems - particularly 
variations in image space isotropy in the third dimension. 
 
4. Interaction: When considering factors that have led to the widespread acceptance of 
conventional display systems, we should not underestimate the synergy existing between the 
display and the interaction tools/techniques. The introduction of the event-driven graphical 
menu system coupled with the mouse and/or touch screen has greatly facilitated an 
interaction process that had previously been almost exclusively reliant on keyboard input. 
This advance placed the user within an environment in which the conventional display is 
central to the interaction process.  

                                                
17 His original work had most immediate impact in Continental Europe - see Booker [1963] for discussion on 
the contributions made by others (including William Farish) and which had a more significant impact in Britain 
and North America. 
18 For a slightly dated but still useful text in this area, see Biberman [1973]. 
19 A voxel is the 3D equivalent of the pixel – see Section 1.6.3. 
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1.5 INHIBITING HUMAN-COMPUTER INTERACTION 
‘Yonder a maid and her wight 

Come whispering by; 
War’s annals will fade into night 

Ere their story die.’20 

 
For many applications the conventional flat-screen display and associated interaction tools 
such as the keyboard and mouse serve us well and provide a convenient (although perhaps at 
times frustrating) interface with the digital world. However, in the case of certain activities, 
there is a growing realisation that the conventional approach may be non-optimal and 
could in fact be inhibiting rather than augmenting the human-computer interaction 
process - perhaps even restricting the benefits that we can derive from the computer. For 
example, in an interesting and comprehensive publication, Gregg Favalora and Won Chun 
write: 
 

‘There is an obvious and demonstrable need for true 3D displays. Rapid improvements in 
contemporary sensor, communication, storage and computation technology enable the broad 
dissemination of an unprecedented wealth of data to minds working in fields as diverse as 
oil and gas visualization, medical imaging, command and control, and entertainment. In 
effect, the availability of data has far outstripped the capabilities of contemporary 2D 
displays. The constriction of the visual bottleneck will continue to increase due to the grossly 
incommensurate scaling between information technologies and display technologies; 2D 
display bandwidth has essentially reached a plateau.’ [Chun et al. 2005] 
 

Although in the case of some applications the fine-tuning of the existing interface may 
lead to short-term improvements, it is likely that we will ultimately need to consider the 
adoption of radically new approaches. Hinckley et al. [1998] write: 
 

‘The current paradigm for graphical user interfaces (GUIs) has been dubbed the ‘WIMP’ 
(Windows, Icons, Menus, and Pointer) interface. Many WIMP graphical interaction 
techniques were originally designed for computers which, compared to modern machines, had 
low-powered processors and impoverished black-and-white displays) ... Yet as computing 
technology becomes ubiquitous and the capabilities of processors, displays, and input devices 
continue to grow, the limitations of the WIMP interface paradigm become increasingly 
apparent. To get past this ‘WIMP plateau’, devising new interface metaphors will not be 
enough. We need to broaden the input capabilities of computers and improve the sensitivity of 
our interface designs to the rich set of human abilities and skills.’ 

 
In the subsections that follow, we briefly consider several indicative areas of application that 
illustrate weaknesses of the traditional display and interaction paradigms. These weaknesses 
are intended to highlight the need to thoroughly investigate (and properly evaluate in a 
quantifiable manner) alternative techniques. 
 

1.5.1 Augmented Realism: Suspension of Disbelief 
Realism is of particular importance in many key 3D applications such as those involving the 
visualisation of mechanical or structural designs, some areas of education, and of course 
computer games. However, clearly the use of the term ‘realism’ does not necessarily relate to 
realistically mimicking the physical world, especially for example when we are discussing 
entertainment, or situations in which we seek to teach scientific principles by changing basic 
laws of nature. In such cases we rely on the recipient entering willingly into the experience 

                                                
20 Thomas Hardy (1840-1928). 
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and augmenting synthetic images with their imagination, which can then lead to the 
viewer becoming completely absorbed or immersed within a digitally-generated environment. 
The expression ‘suspension of disbelief’ is often used in this context. The phrase represents 
an essential ingredient of cinema, theatre, and literature. It is by no means new (although in 
literature it is sometimes incorrectly referred to as having originated in Hollywood in the 
1930’s). In fact, it appears that the English poet Samuel Taylor Coleridge was the first to coin 
the term in the late 1700’s - as recorded in his Biographia Literaria (first published in 1817) 
[Coleridge 1985].21 William Shakespeare (although he did not use the expression ‘suspension 
of disbelief’) showed that he was well aware of this notion as applied to live theatre. In the 
Prologue to Henry V, he writes: 

 
‘Piece out our imperfections with your thoughts; 

Into a thousand parts divide one man, 
And make imaginary puissance; 

Think when we talk of horses, that you see them 
Printing their proud hoofs i’ the receiving earth; 

For ‘tis your thoughts that now must deck our kings, 
Carry them here and there; jumping o’er times, 

Turning the accomplishment of many years 
Into an hour-glass: for the which supply, 

Admit me Chorus to this history; 
Who prologue-like your humble patience pray, 

Gently to hear, kindly to judge, our play.’ 
 
Suspension of disbelief leads an audience to become engrossed - individuals lose themselves 
within a world created by others. Cruz-Neira et al. [1992] writing in the context of virtual 
reality, succinctly describes suspension of disbelief as: 
 

‘…the ability to give in to a simulation - to ignore its medium’. 
 
The audience may, for example, become so engrossed by content that they overlook poor 
quality props and unconvincing cinematic effects. Indeed, the level of immersion may be such 
that for a time they put their real surroundings to one side and exist within an artificial 
(virtual) world. 

                                                
21 ‘During the first year that Mr. Wordsworth and I were neighbours, our conversations turned frequently on the two cardinal points 
of poetry, the power of exciting the sympathy of the reader by a faithful adherence to the truth of nature, and the power of giving the 
interest of novelty by the modifying colours of imagination. The sudden charm, which accidents of light and shade, which moon-light 
or sun-set diffused over a known and familiar landscape, appeared to represent the practicability of combining both. These are the 
poetry of nature. The thought suggested itself (to which of us I do not recollect) that a series of poems might be composed of two 
sorts. In the one, the incidents and agents were to be, in part at least, supernatural; and the excellence aimed at was to consist in 
the interesting of the affections by the dramatic truth of such emotions as would naturally accompany such situations, supposing 
them real. And real in this sense they have been to every human being who, from whatever source of delusion, has at any time 
believed himself under supernatural agency. For the second class, subjects were to be chosen from ordinary life; the characters and 
incidents were to be such, as will be found in every village and its vicinity, where there is a meditative and feeling mind to seek 
after them, or to notice them, when they present themselves. 

In this idea originated the plan of the ‘Lyrical Ballads’; in which it was agreed, that my endeavours should be directed 
to persons and characters supernatural, or at least romantic, yet so as to transfer from our inward nature a human interest and a 
semblance of truth sufficient to procure for these shadows of imagination that willing suspension of disbelief for the moment, 
which constitutes poetic faith. Mr. Wordsworth on the other hand was to propose to himself as his object, to give the charm of 
novelty to things of every day, and to excite a feeling analogous to the supernatural, by awakening the mind’s attention from the 
lethargy of custom, and directing it to the loveliness and the wonders of the world before us; an inexhaustible treasure, but  for 
which in consequence of the film of familiarity and selfish solicitude we have eyes, yet see not, ears that hear not, and hearts that 
neither feel nor understand. With this view I wrote the ‘Ancient Mariner’.’ 
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Suspension of disbelief is influenced by several factors. In Figure 1.5 we identify the 
‘experience’ which is assumed to comprise ‘content’ and ‘presentation’. In literature, theatre 
and film for example, ‘content’ could refer to the underlying story or plot. The term may 
equally well apply to the opportunities offered by software packages such as those used for 
design or visualisation. ‘Presentation’ refers to the manner in which the content is conveyed 
to an audience and is influenced by the nature of the interface existing between the 
experience and the audience.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 1.5: Augmented realism is generally underpinned by a suspension of disbelief 
which can in principle enhance the degree of immersion experienced by an audience. 
For our purposes, we will assume that the experience comprises the ‘content’ (e.g. a 
plot or story) and the ‘presentation’ (e.g. the written expression of the story). This is 
paralleled in some types of software system (e.g. a computer game). The ‘interface’ 
provides the window onto the ‘experience’ and may, for example, take the form of a 
cinema screen or simply the pages of a book. Unobtrusive computer interfaces that 
can support natural bi-directional communication are invariably difficult to achieve 

and represent a goal of creative 3D display system researchers. 

 
The ‘experience’ as a whole must be conducive to a suspension of disbelief and at the 
same time the audience must at least be willing to submit to it. Lying between the two is the 
‘interface’ which may be considered to be a virtual window through which we view the 
worlds portrayed by others. This window defines the human sensory systems that may 
participate in the experience and may take the form of the pages within a book, a theatrical 
stage, radio, artist’s canvas, or indeed a computer interface.  

Theatrical presentations (the theatrical interface) cannot generally compete with the 
film industry (cinematic interface) in terms of the scale of the special effects that can be  
offered to an audience, and similarly the author of a non-illustrated fictional novel (text 
interface) must rely exclusively on human imagination. Clearly, outstanding content may be 
negated by a poor, non-harmonious presentation style that continually distracts the audience. 
On the other hand, well executed content and presentation can transcend the nature of the 
interface – both cinematic and text interfaces being (in principle) able to achieve the same 
level of audience immersion. 

Hutchins et al. [1986], consider the concept of ‘distance’ which they describe as being: 
 
 ‘…gulfs between a person’s goals and knowledge and the level of description provided by the 
systems with which the user must deal.’  
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They refer to distance as comprising two components: the ‘gulf of execution’ and the ‘gulf of 
evaluation’. The former concerns the mapping between a user’s goals and the physical system, 
whereas the latter maps the computed response back to the user. They suggest: 
 

‘The Gulf of Execution is bridged by making the commands and mechanisms of the 
system match the thoughts and goals of the user as much as possible. The Gulf of 
Evaluation is bridged by making the output displays present a good Conceptual Model 
of the system that is readily perceived, interpreted and evaluated. The goal in both cases 
is to minimize cognitive effort.’

 
 

 
Interaction is a fundamental ingredient of computer-based activities and so in Figure 1.5 we 
indicate that the interface should support bi-directional throughput. Here, the interface 
enables the audience to obtain multi-sensory input from the experience and also to interact 
with it by means of appropriate mechanisms. The interface should properly integrate with the 
relevant human sensory systems and should support interaction activities in a natural and 
intuitive manner. Not surprisingly, optimising the design of such an interface can be 
extremely challenging. 

Consider a simple word-processing task. When using my computer for this type of 
activity I lose touch with my surroundings for hours at a stretch. We all share the 
experience of looking up from the computer screen and reaching for a nearby cup of tea only 
to find that what had been hot seemingly moments earlier now sits before us cold, 
tasteless, and with a dead fly floating on its surface. That we can become so immersed in our 
work may imply that the word-processing interface provides a harmonious, unobtrusive, and 
intuitive environment for our activity. However, in such a scenario we generally make use of 
only a limited subset of available interface options and for the most part we use facilities with 
which we are quite familiar. These are generally employed intuitively and without conscious 
thought. On the other hand, if we decide to use a new facility (or one that we have not used 
for some time), our attention must turn toward the vagaries of the software interface. This 
can easily disrupt task immersion - returning us to our physical surroundings and to that cold 
cup of tea! 

Creative 3D display techniques offer to enhance realism not only through support for 
binocular vision and (in principle) greater immersion, but also through new interaction 
opportunities they may offer. This latter consideration is of particular importance in, for 
example, a computer games application where suspension of disbelief is paramount. Although 
a display paradigm may in itself reinforce a suspension of disbelief, the appropriateness of the 
interface must also be considered with great care. An ill-matched, non-integrated, and/or 
cumbersome interaction interface is likely to negate the benefits derived from any additional 
visualisation opportunities offered by the display. 

Irrespective of the nature of the experience or interface window, from an audience’s (or a 
computer user’s) perspective, imagination is pivotal to the suspension of disbelief. The 
augmentation of realism does not (or should not) seek to undervalue or replace the need for 
human imagination, since this is one of our most powerful mental facilities. For some 
applications, maximum benefit may be derived by working with and extending the 
imagination processes, and when considering the development of systems targeted at 
applications in which we seek to augment realism we should always consider with care the 
impact of such systems on the imagination. It is, after all, with the help of our imagination 
that we truly achieve a suspension of disbelief. As illustrated in Figure 1.6 we consider 
imagination to be the third essential ingredient needed to support this concept.22 

The games and other entertainment industries represent highly lucrative sectors and in 

                                                
22 Frederick Brooks emphasises the importance of imagination in the brief paragraph quoted at the close of 
Section 7.5. 
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applications such as these, the suspension of disbelief is essential. Consequently, they are 
likely to play a pivotal role in driving the development of display and interaction interfaces. 
Other key areas of science, education, and medicine that could benefit from the realism 
offered by new display and interaction paradigms may well have to wait for these 
technologies to be passed down to them. This paradox is mentioned by Frederick Brooks 
who writes in the Foreword to the text by Burdea [1996]: 

 
‘Virtual worlds, or synthetic environments, technology holds great promise for medicine, for 
design, for training, and for science. It is ironically sadly characteristic of our culture that these 
promising uses will be enabled, if at all, as by-products of our desire to be entertained. God 
help us.’ 

 

 

 

 

 

 

 

 

 
Figure 1.6: Here we illustrate three key factors that support the suspension of disbelief. 
Even in the case of an appropriate experience and interface window, imagination 
remains a pivotal ingredient. Creative systems should not strive to minimise the need for 
human imagination but should capitalise upon it. 

 
1.5.2 Augmented Information Content 

‘The reasonable man adapts himself to the world:  
the unreasonable one persists in trying to adapt the world to himself. 

Therefore all progress depends on the unreasonable man.’23 
 
For many professional 3D visualisation applications, the conventional flat panel display 
(supported by appropriate image processing and computer graphics hardware/software) 
provides satisfactory performance. However, in certain situations creative approaches may 
represent a significant advance - not necessarily as a consequence of the realism that they 
offer, but rather through their ability to augment the information content of the visual scene. 
In fact, at times and in some situations augmented realism may detract from the performance 
of the visual interface. Consider the application of a volumetric display system (see Section 
9.2) to the depiction of real-time radar data pertaining to objects in flight (e.g. Air Traffic 
Control). The use of such a display could enhance the visualisation process by clearly showing 
the spatial separation of the airborne objects and would enable a plurality of observers to 
simultaneously view the image scene without any significant restriction in viewing location. 
Each object could, for example, be represented as a simple icon accompanied by a vector(s) 
expressing its past and anticipated flight trajectory. Additional text could be assigned to each 
icon to provide information relating to speed, etc. We could extend this simple model by 
seeking to further augment the realism of the image scene. For example, each aircraft could 
be drawn to resemble the actual aircraft type, contrails could be added, etc. Indeed 
opportunities for creativity abound but do not necessarily provide useful/valuable additional 
information to the operator. Moreover cluttering the image space with unnecessary content 
simply hampers the assimilation/visualisation processes. 24 

                                                
23 Attributed to Robert Anson Heinlein (1907-1988). 
24 For discussion on the possible use of virtual reality systems for Air Traffic Control, see Fürstenau [2002]…   
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In general terms, augmented realism and augmented information content represent two 
different aspects of a display’s ability to effectively enhance the human-computer interface, 
and certainly in many professional applications it is the information content rather than the 
realism that is critical. In certain situations, displays which properly support the binocular 
parallax cue to depth (stereopsis) and/or which permit images to be depicted in alternative 
ways are able to enhance the information content and facilitate the ease with which 
information may be extracted. Although we defer discussion on binocular parallax until later 
chapters, it is instructive to provide a simple and brief demonstration of one way in which 
stereoscopic imaging can facilitate the visualisation process - see Figure 1.7. 

It is convenient to loosely distinguish between situations in which either enhanced object 
clarity or enhanced spatial clarity is of primary relevance. For our purposes, the former may 
be considered to involve the display of 3D objects and/or structures that do not easily lend 
themselves to the processes of depiction and manipulation by conventional means. For 
example, object clarity is important when we need to visualise (and perhaps manipulate) a 
geometrically complex mechanical component, or a sheet of material that has been curved in 
a complex and non-uniform manner. Object clarity may relate to static or dynamic scenes. 

Spatial clarity is of primary relevance in both Air Traffic Control and medical 
applications25 such as stereotactic neurosurgery, where there is a need to accurately depict the 
3D ‘web’ of capillaries within the brain (see Figure 1.8).26 In the case of the former 
application the operator needs to view dynamic data sets, and the ability to correctly interpret 
and respond to events in real time is paramount.27 Three of the requirements of a 3D display 
technology employed in stereotactic neurosurgery are summarised in Figure 1.9. 

 

1.5.3 Creative Design 
Software vendors seldom, if ever, release programs containing fewer features than their 
predecessors! Indeed each release of an applications program offers additional features and so 
contains ever more menu options. Naturally, as the extent of a software interface increases so 
does the scope of the menu system, and to prevent undue erosion of useful screen space, it 
may be necessary to place increasing reliance on the hierarchical implementation of the user 
interface. Unfortunately, navigation may then become increasingly difficult (non-intuitive). In 
such cases, the simplicity originally offered by the event-driven menu system in its earlier 
years is gradually being reduced. Furthermore screen erosion remains a significant issue and, 
if care is not exercised in the design of the interface, the extent of useful working space in 
which a user may perform creative tasks (such as word-processing and design activities) 
becomes overly restricted. As discussed below, interface designers adopt various strategies in 
an effort to alleviate these problems. For example: 
 
1. Scaling: This allows the breadth of the interface to be increased without necessarily 
increasing its depth. In this scenario, the size of items such as icons within an interface is 
often reduced, thus enabling more options to be depicted within the same area. 
Unfortunately, text labelling may then become impractical and it is common to find icons 
whose functionality is simply indicated pictorially. The difficulty of comprehending the 

                                                                                                                                             
…In connection with the application of volumetric systems to this area see, for example, Hanson [1997] – who 
bases his discussion on the swept-volume helical screen configuration developed at NRaD. 
25 For interesting discussion on a virtual reality based system developed for interactive visualisation and 
manipulation of medical datasets for surgery planning, see Bornik et al. [2006]. In connection with the 
architecture and use of a volumetric 3D display system developed for radiation therapy planning, see Geng 
[2008]. For related discussion also see Seymour et al. [2002] and Vannier et al.[1983]. 
26 For further reading see, for example, Finnis et al. [2003], Gielen [2003], Vandermeulen [1992], Warfield et al, 
[2000] and Wixson [1989]. 
27 For related reading see, Whitfield [1981] and also Bryson and Levit [1992] who describe the use of a virtual 
reality system for the creation of a virtual wind tunnel. 
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functionality of such icons is exacerbated by their usage across a range of appliances (e.g. 
computer software, digital cameras, TV remote controls, kitchen whiteware, etc.), where, 
quite different icons may denote similar tasks - there is little standardisation.28 

 
 

 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1.7: This stereogram depicts a bleak WWI landscape and may be viewed directly 
without recourse to a stereoscope. It can readily be fused by slightly crossing the eyes. 
For readers who are not familiar with viewing stereograms in this way, a smaller 
rendition of the image is provided. It is suggested that the reader should first practice 
with this and subsequently should experience no difficulty in viewing the larger version.  
The object (tank) on the horizon provides a convenient point of fixation. Notice that as 
the eyes are crossed two renditions of this tank move inwards - towards each other. The 
objective is to overlay these two images (it may be necessary to slightly adjust the 
orientation of the page and/or vary the viewing distance). Once the tanks are overlaid, 
‘fixation lock’ is achieved and the 3D rendition of the entire image scene is readily 
perceived. This view can be maintained without further effort. The augmented 
information content provided by the 3D view is readily apparent – notice the extent of 
the undulations in the terrain. Further exemplar stereograms are provided elsewhere in 
the book – see, for example, Figures 6.6, 6.29 and Figure 6.30. 

 
2. Hierarchical Implementation: In this scenario, rather than increasing the interface 
breadth, the hierarchical depth of the interface is extended. However, this often results in 
navigation difficulties and is likely to increase the number of selections needed to accomplish 
a particular task. 
 
 

                                                
28 In this connection, I well recall the purchase of a camcorder. Only one button was labelled in text 
(ON/OFF). In my enthusiasm to quickly try out the appliance, and given a strong dislike for instruction 
booklets written in ten languages, I repeatedly pressed this button. Finally, unable to obtain any response I 
sadly consulted the instructions (convinced by this time that the appliance was defective). It turned out that 
the actual power button was labelled with a cryptic icon, and the button labelled ‘ON/OFF’ simply served to 
enable special digital effects! 

 

 

It is suggested that readers 
who are not familiar with 
viewing stereograms directly 
should first experiment with 
this smaller image – see the 
figure caption below for 
details. 
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Figure 1.8: Stereotactic digital subtractive angiography. This image shows the form of 
the venous system in a portion of the brain. During surgical operations, probes must be 
inserted with the greatest of care in order to avoid causing damage to these blood 
vessels. The visualisation of such a 3D structure is indeed difficult when conventional 
display technologies are used. (Reproduced from Gildenberg and Tasker [1998].) 

 

3. Configurable Interface: This approach allows groups of less frequently employed (and 
functionally related) menu items to be ‘hidden’ until such time as they are required. Although 
this is a viable (and commonly used) option, it can exacerbate difficulties experienced when 
one seeks to undertake new or less frequently encountered tasks.  
 
And so, all too often we are left to navigate without appropriate affordances through menu 
systems where functionality is indicated by pictorial symbols. Although brief ‘help’ 
messages are commonly provided, these are frequently of limited value. Furthermore, 
software vendors who continue to direct insufficient attention to good interface design 
practices exacerbate navigation problems. However, it is apparent that some issues are not 
caused by poor design but rather by the inherent limitations of the conventional interface 
paradigm. In short, in the case of more complex software, achieving simplicity through 
conventional approaches to interface implementation may simply not be possible. 

The degree of difficulty experienced by the user (and the obtrusiveness of the 
interface) often relates to the nature of an application. For example, consider a creative 
3D design task involving the construction of an object, structure, o r animated film 
character. The operator will often carry out this process within the confines of 
orthogonal perspective views. Tasks that are inherently 3D in nature must therefor e be 
carried out within the 2D ‘flatland’ described so well by Edwin Abbott in those 
entertaining and satirical stories set within a 2D world inhabited by geometrical  shapes 
[Abbott 1884] and more recently by Edward Tufte [1990]. Tufte begins a chapter 
entitled ‘Escaping Flatland’ as follows: 
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‘Even though we navigate daily through a perceptual world of three spatial dimensions and 
reason occasionally about higher dimensional arenas with mathematical ease, the world 
portrayed on our information displays is caught up in the two-dimensionality of the endless 
flatlands of paper and video screen. All communication between the readers of an image and 
the makers of an image must now take place on a two-dimensional surface. Escaping this 
flatland is the essential task of envisioning information - for all the interesting worlds 
(physical, biological, imaginary, human) that we seek to understand are inevitably and 
happily multivariate in nature. Not flatlands. ’ 
 
 

 

 

 

 

 
 

Figure 1.9: Here we summarise three key objectives that may be associated 
with the application of creative 3D display systems to stereotactic neurosurgery. 

 
In Flatlands, tasks can often no longer be carried out intuitively – in a manner that is based 
on our real-world 3D experience.29 Thus, computer interfaces often become increasingly 
obtrusive - the operator being forced to focus on the interaction process rather than on the 
creative design task at hand. Indeed, undertaking inherently 3D tasks within the confines of 
2D space can greatly increase task complexity, which in turn adds to the complexity of the 
software interface. For tasks that are carried out frequently this is unlikely to be a problem as 
we can usually rely on our memory. However, when faced with new tasks (or tasks that have 
not been performed for some time), we are often guided by few affordances. Consequently, 
despite our natural skills in problem solving, navigation through the hierarchical layers of a 
menu system can become problematic. 

In connection with the need to improve interface design, Frederick Brooks [Brooks 1988] 
writes: 

 
‘We graphicists and interface designers must produce generalized graphics packages so helpful, 
so adaptable, so easy to use that our scientists will use them routinely… It is easy for us to fool 
ourselves into thinking we have achieved this goal, for the highly-motivated scientist (e.g. a 
doctoral student) will master any tool, no matter how awkward. So let me share what we have 
found to be essential …Our systems must be: 
 

 So simple full professors can use them and 

 So fruitful that they will.’  
 

Creative 3D display and interaction interfaces offer to simplify design processes by permitting 
tasks that are inherently 3D in nature to be carried out within a 3D design space. They can 

                                                
29 The stories written by Abbott are recommended to the interested reader as they entertainingly highlight 
many aspects of ‘life’ in a 2D space.  

Key objectives of creative 3D 
display systems applied to 
stereotactic neurosurgery. 
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spatial form of the 
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within the brain 
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and interpreted 
more readily 

To increase the 
accuracy and speed 
of the interpretation 
process through the 

simplification of 
spatial information 
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then be undertaken in a more intuitive and natural manner (especially if, where appropriate, 
bi-manual synergistic interaction is supported). This promises to result in a simplified 
interface structure and furthermore, the aesthetic results of the creative process may be 
discerned more readily. To achieve such objectives it is vital that the interaction hardware 
capitalises on the characteristics of the display paradigm, and that both interaction interface 
and display hardware are closely integrated. 
 

1.5.4 Multifaceted Applications 
‘The problems of the world cannot possibly be solved by sceptics or cyni cs 

whose horizons are limited by the obvious realities.  
We need men who can dream of things that never were. ’30 

 
In the above discussion we have identified three key areas in which creative 3D display 
technologies offer to advance the human-computer interaction experience. However, 
many professional applications span more than one of these areas. By way of a simple 
example, consider a project in which we seek to design and optimise the layout of a 
surgical operating theatre, and in addition to create a virtual environment in which 
medical students can gain experience. 

In terms of the design task, we require software tools that support the formation 
and manipulation of numerous 3D objects that are to be located in a 3D space. 
Although a task of this type can be readily undertaken using conventional flat-screen 
based design techniques, the optimisation process may well be time-consuming and 
labour intensive. For example, by adopting such techniques it is likely that we will need 
to create a physical mock-up at a relatively early stage in the design process, and as we 
attempt to improve the overall design we will need to make constant physical 
modifications. In contrast, the creation of a virtual environment using immersive and 
semi-immersive 3D systems provides a better opportunity for people to experience and 
experiment with synthetic entities thereby supporting rapid prototyping and enabling 
significant amounts of optimisation activity to be carried out prior to the 
implementation of the physical mock-up. 

In addition the formation of an immersive (or semi-immersive) virtual rendition of 
the operating theatre also creates an environment in which medical students can gain 
valuable experience.  This need not necessarily be confined to the layout of the facility 
but could also include the opportunity to carry out operating procedures on virtual 
entities. 

Thus in this simple example, we require display and interaction technologies that are 
able to facilitate a 3D design process, to augment the visualisation process, and to 
provide a virtual environment in which we are able to become fully immersed – thereby 
giving a strong sense of presence and supporting the crucial suspension of disbelief.  

Such goals are invariably difficult to achieve and because there is often the need to 
push technologies to the limit, costs can be considerable. Nonetheless as computer 
technologies become ever more powerful, it is increasingly feasible to effectively employ 
creative 3D display and interaction systems for such applications. For rela ted discussion 
see, for example, Kim et al. [2007], Cosman et al. [2002] and also Champion and 
Gallagher [2003]. 
 
 
 
 
 

                                                
30 John Keats (1795-1821). 
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1.6 CONCERNING GRAPHICS  

‘For a list of all the ways technology has failed to improve the quality of life, 
please press three.’31 

 
A broad range of computer graphics techniques are used to enable a 3D scene to be depicted 
on a conventional flat-screen display. Techniques such as ray-tracing, illumination models and 
volume rendering have been the subject of immense research interest. A goal is to represent 
the ‘pictorial’ depth cues (see Section 2.6.1) as realistically as possible. Although this book 
focuses on approaches that invoke the additional, non-pictorial depth cues, the methods of 
rendering used in conventional computer graphics provide a basis for 3D techniques that 
employ several monocular projections to create a 3D image space. For this reason we briefly 
allude to several of the basic techniques used in standard computer graphics rendering. 
Subsequently we consider the nature of volumetric (voluminous) data. For more details on 
conventional surface and volume graphics techniques see standard texts on computer 
graphics such as Foley et al. [1997], Blundell [2008], Watt [2000], and Chen et al. [2000b] (this 
latter book deals specifically with volume data).  
 

1.6.1 Projection Geometry for a Single View 
‘One machine can do the work of fifty ordinary men. 

 No machine can do the work of one extraordinary man.’32 
 
A perspective projection is used to depict an image on a 2D surface so that it appears 
‘realistic’ and undistorted. This technique ensures that various pictorial depth cues are 
represented correctly and that the geometry of the image is the same as would be observed 
from a single eye when viewing the natural scene from a fixed viewpoint. In fact, as discussed 
in Chapter 4, the rules for perspective projection were laid down in systematic form many 
centuries ago and are synonymous with the Renaissance. 

The geometry for a single-point perspective projection is illustrated in Figure 1.10. The 
important elements are the point(s) within the 3D space being depicted, the display screen 
that acts as a window onto this space, and the position from which the space is viewed. Let us 
assume that the screen lies in the x, y plane, and that the direction of positive z is into the 
screen. For simplicity, we assume that the viewpoint lies on the z-axis and is located at the 
origin of the coordinate system. Given that the distance between the viewpoint and the 
screen is D, then a straight line from a point (x,y,z) in the image space to the viewing 
position will intersect the screen at a point (xs,ys) given by: 

 

,
z

xD
xs   .

z

yD
ys      (1.1) 

 
In this way a set of points within a 3D space can be mapped into 2D screen positions 
corresponding to the calculated viewpoint.33 Note also that this projection through a ‘virtual 
window’ (an artist’s canvas, or computer screen) to a single point defines a finite range of 
viewing angles; objects that lie outside this range (and hence are not visible) need not be 
rendered. 

                                                
31 Attributed to Alice Kahn. 
32 Hubbard, E., ‘The Roycroft Dictionary and Book of Epigrams’, [1923]. 
33 In the case that a right-handed coordinate system is used (i.e. so that increasing positive z is in the direction of 
the observer), then the equivalent equations are:  
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Figure 1.10: In (a), we illustrate the geometry of the perspective projection. Once the 
viewpoint and viewing plane (window) are defined, the coordinates of any point (x,y,z) 
in the viewing volume can be transformed into screen coordinates (xs,ys) simply by 
reference to similar triangles. This transformation is illustrated in (b), where we show a 
plan view. The ratio of z to D determines the ratio of x to xs. Often, near and far 
clipping planes (illustrated in (a)) are defined to limit the extent of the image space. 

 
In the early 1960’s Ivan Sutherland undertook pioneering work in computer graphics34 - 
although the first CRT-based displays able to depict 3D images in perspective were 
prototyped some years earlier (see, for example, Blundell [2007]). Indeed it appears that the 
first fully electronic immersive 3D display was developed by Otto Schmitt in the 1940’s 
[Schmitt 1947] (also see Section 8.3.1). He writes: 

  
‘It is the purpose of this report to point out how easily the underlying principles of projective 
and perspective drawing and of stereoscopic photography can be applied to cathode-ray 
presentation so as to convert raw electrical data directly into vividly recognizable three-
dimensional pictures.’ 
 

MacKay [1949a,b] provides further interesting discussion in this area and in Figure 1.11 we 
illustrate two of his perspective images. An essential difference between the work carried out 
by these early pioneers and Sutherland’s later research activity concerns the nature of the 

                                                
34 See, for example, Sutherland [1965a,b]. 
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process by which perspective was calculated.35 Although Sutherland carried out the 
computation in the digital domain, the earlier systems used analog techniques to achieve the 
same goal. In Figure 1.12 we illustrate an image reported by Carl Berkley [1948]. In a later 
publication MacKay [1960] describes improved transformation techniques that enable, for 
example, image rotation. However, although the computation was carried out using solid-
state components (rather than thermionic valves) the circuits remained non-digital.36 
 

 

 

 

 

 

 

 

 

 

 
 

 
Figure 1.11: Here, we illustrate perspective images reported by D.M. MacKay in his 
1949 paper. These form part of an image sequence showing stages of the 
development of a secondary emission ‘valley’ in the characteristic surface of a 
tetrode.37 Computation was carried out using analog techniques. (Reproduced from 
MacKay [1949].) 

 

1.6.2 Surface Rendering 
‘Research is what I’m doing when I don’t know what I’m doing.’38 

 
The most common representation of a virtual scene for computer graphic rendering takes the 
form of the surfaces of various objects, and typically these surfaces are approximated by a 
mesh of flat polygonal faces. Objects can be captured to different degrees of detail depending 
on the number and size of polygons used; indeed, the polygon density can alter within an 
object and often increases in more highly curved regions. 

To render a view on the 3D scene, the reflection of light from the virtual objects as seen 
from the selected viewpoint relative to the scene is simulated. Lines representing light rays are 
traced from the viewing plane into the 3D scene. In this way we can build a synthetic 2D 
picture simulating the view on the virtual scene. The most computationally expensive part of 
the ray-tracing procedure is generally the collision detection phase, which determines whether 
the ray has intersected with an object within the scene. As discussed in a later volume in the 
context of collision detection in haptic rendering, this process can be speeded up by enclosing 
objects in ‘bounding volumes’ (often spheres or boxes); testing for ray intersections with 
constituent polygons is then only necessary if it intersects the bounding volume. 

Ray reflection from ideal planar surfaces is simply calculated by the principle of equal 
angles of incidence and reflection. The orientation of each polygon relative to the light source 
and the viewing plane allows the resultant pixel intensity on the screen to be calculated. Rays 
can be traced for each vertex of the polygon and then interpolated to generate values 
corresponding to points inside the polygon. This process provides a degree of smoothness to 

                                                
35 In addition Sutherland created an environment able to support user interaction. 
36 The paper by DeFanti et al. [1975] is recommended to readers interested in the history of computer graphics. 
37 Tetrode – a thermionic valve with four electrodes. 
38 Attributed to rocket pioneer Wernher von Braun (1912-1977). 
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the resulting view and reduces the visibility of the polygonal boundaries. Various shading 
algorithms have been developed to more realistically simulate the appearance of surfaces 
under direct or indirect illumination. In particular, specular and diffuse reflections are often 
incorporated – see, for example, the Phong shading technique that is discussed in most 
computer graphics texts (for example, Foley et al. [1994], Blundell [2008]). 
 
 

 
 

 

 
 

 

 

 
 

 

 
 

 

 

 
 
 
 
 
1.6.3 Working with Volumetric Data 

‘The troubles of our proud and angry dust  
Are from eternity, and shall not fail.’39 

 
In this subsection we focus on volumetric (volume) data which often forms the underlying 
type of data most suited for use with some of the creative 3D display and interaction 
paradigms discussed in this book. Data of this type can be derived from physical 
measurement, or may be computer generated, and are voluminous - describing properties 
throughout an associated volume. Volumetric data take the form of a set of scalar values 
defining one or more properties at discrete ‘points’ within a 3D space that we will denote as 
R3. Consider a function (F), whose domain and range are subsets of such a space. This 
function is referred to as a vector field and associates a vector F(x,y,z) with each point in its 
domain (x,y,z) [Adams 1991]. The vector field can be represented in terms of its three scalar-
valued components: 
 

.)z,y,x(F)z,y,x(F)z,y,x(F)z,y,x( 321 kjiF     (1.2) 

 
Here, i, j, and k are orthogonal unit vectors and each component of the function F(x,y,z) 
denote scalar fields (e.g., F1(x,y,z)). Volume (or volumetric) data correspond to a set of scalar 
fields. When this set is obtained from physical measurement or computer simulation, the 
underlying data take the form of a set of samples that correspond to a set of discrete locations 
in a space and is therefore not continuous. However, a continuous function may be obtained 
by interpolation between samples - the simplest approach being to make a nearest-neighbour 
approximation such that the function takes on the value defined by the closest sample [Chen 

                                                
39 A.E. Housman (1859-1936). 

 

Figure 1.12: Here we reproduce an early, 
electronically generated, perspective image 
reported by Berkley [1948]. As with the images 
shown in Figure 1.11, computation was carried out 
using analog techniques. (Reproduced by 
permission from Berkley, C., ‘Three-Dimensional 
Representation on Cathode-Ray Tubes’, Proc. 
LR.E. (1948); © 1948 IEEE.) 
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et al. 2000a]. This simple approach is known as the zero-order interpolation technique and 
results in a constant value being assumed around each sample position. The form of this 
region is naturally determined by the geometric spacing of the data points.  

When volumetric data are obtained by physical measurement, samples rarely lie on regular 
lattice positions defined within R3, and so the data set is likely to exhibit anisotropic and non-
homogeneous characteristics as far as data point positioning is concerned. Each member of 
such a data set has associated attributes indicating quantities which might include, for 
example, material density, temperature, intensity of electromagnetic radiation at a particular 
location in a 3D space, etc. Spacing between samples determines the Nyquist frequency and 
hence the maximum frequencies within the scalar field that can be properly reconstructed 
[Foley et al. 1997]. In the case of medical scans, for example, the transition from flesh to bone 
denotes an abrupt change in density and this transition is characterised by high spatial 
frequency components in the scalar field. The distribution of the volumetric data points in 
such a region will therefore determine the degree of aliasing, and consequently how well this 
transition in matter can be defined. 

Volumetric data sets often tend to be very large, and of course doubling the linear 
dimensions of a cubic region (and maintaining a uniform and unaltered data point 
representation) results in an eightfold increase in data. As a consequence of the sheer scale of 
data, processing tends to be computationally demanding. We will loosely use the expression 
‘volume rendering’ to describe the processing of the volumetric data set for depiction on a 
display system. The result of this process is an image data set, the form of which will be 
strongly influenced by the type of display to be used. 

The majority of computer-based displays employ a 2D matrix of pixels for the formation 
of the visible image. By way of example, current (good quality) computer display screens may 
comprise ~1600 by 900 of these regularly spaced elements each of which has associated 
attributes (e.g. colour). These are defined in video memory (the frame buffer) where there is a 
one to one mapping between screen pixels and memory addresses. Thus modifying the 
contents of a particular memory location produces a change in the visual attributes of a 
corresponding pixel.  

For systems that employ conventional computer graphics techniques, image components 
are generally stored as a set of high-level primitives, rather than as point form data. To 
maximise efficiency, the decomposition of such primitives into the point form pixel values is 
undertaken in the final stages of processing (i.e. just prior to their output to video memory). 
In contrast, when dealing with volumetric data sets taken from physical measurement, image 
primitives are not directly available to us and we must either manipulate individual data set 
values directly, or find a means of converting members of the data set into image components 
that can be specified and manipulated at a higher level of abstraction. Ultimately, after 
graphical manipulation it is necessary to decompose these primitives into point form data that 
may be mapped to the display system. 

The elements comprising point form volumetric data sets are frequently referred to as 
‘voxels’. However, this term is also commonly used to refer to the 3D equivalent of the pixel 
(a voxel being a volume rather than a picture element). Clearly the use of the term ‘voxel’ in 
different contexts can cause confusion. Consequently, for clarity, we will refer to the source 
volumetric data elements as ‘data voxels’ and the basic elements from which various types of 
3D image are constructed as ‘image voxels’. Data voxels can be acquired in numerous ways – 
using, for example, various types of medical scanner, volumetric cameras (such as the Canesta 
system discussed in Section 5.6.3) and can be derived from stereoscopic imaging techniques. 
The physical technique used for data capture will determine whether the voxel set obtained 
via the imaging process provides a volume or surface representation (medical scanners 
typically provide the former whereas the Canesta system acquires the latter).  
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Speculating on future developments in medicine, Satava and Sackier [1998] consider the 
association of additional data with each image voxel. In this context, they write: 
 

‘This information and more is stored in each [image voxel] of the patient’s representative 
image (a “medical avatar”) such that the image of each structure and organ (e.g., the liver) 
stacks up into a “deep pixel” containing all the relevant information about the structure. 
Each [image voxel] contains anatomic data as well as biochemical, physiological, and 
historical information, all of which can be derived directly from the image and not have to be 
sought in volumes of written medical records or through a prolonged database search.’ 

 
A fundamental technique used in volume rendering is the semi-transparent gel approach, in 
which each voxel in a data set is assigned an opacity and colour value. Rays are then cast 
through the data set from behind toward the viewing plane, being modified as they traverse 
the data by the properties of each voxel they encounter (ray-casting). More generally, further 
optical properties such as reflection and scattering models can be assigned. As in surface 
rendering, external illumination can be incorporated [Max 1995]. 

 

1.7 DISPLAY SUBSYSTEMS 

‘Then the hurry and alarm 
When the bee-hive casts its swarm; 

Acorns ripe down-pattering 
While the autumn breezes sing.’40 

 
From the perspective of our current discussions it is useful to consider a display as 
comprising either three or four key subsystems (see Figure 1.13). The lower three subsystems 
shown in the diagram are generally common to all displays, whereas the re-
imaging/projection subsystem is found only in certain architectures. In the case that a display 
comprises only the lower three subsystems, then the primary image depiction subsystem 
directly presents the visible image to the observer (the image residing in, or appearing to 
reside in, a region that will be referred to as the ‘primary image space’). Alternatively an 
optical arrangement may be included such that the output from the primary image depiction 
subsystem is in some way modified (by the re-imaging/projection subsystem) prior to its 
presentation to the observer. In this case, we consider the image to reside in - or appear to 
reside in - a region that will be referred to as the ‘secondary image space’. By way of example, 
in the simplest scenario the re-imaging/projection subsystem may take the form of 
stereoscopic glasses (see, for example, Section 6.5), via which the user views the image 
generated by the primary image depiction subsystem. Alternatively, the re-imaging/projection 
subsystem may comprise a more complex optical arrangement via which, for example, an 
image depicted by means of a volumetric display (see Section 9.2) is cast into ‘free’ (ethereal) 
space (see Sections 7.2.4 and 9.3). 

                                                
40 John Keats (1795-1821). 

It is convenient to define an image voxel as follows: 
An image voxel (volume element) is the three-dimensional equivalent of the pixel 
and has various associated attributes. Whereas in the case of a traditional pixel we 
simply define its position on a 2D plane, a voxel’s position is described as a triple 
with x,y, and z coordinates being specified (other coordinate systems may be 
used). As with a pixel, image voxels have associated colour and intensity 
descriptors and can either be emissive (light sources) or can absorb/scatter 
incident light [Blundell 2008]. 
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Figure 1.13: For the purposes of our discussion, it is convenient to consider creative 
3D display technologies as comprising either three or four subsystems. Some 
approaches may use only the lower three subsystems, whereas others may also 
include the re-imaging/projection subsystem. Additionally, in one scenario, images 
are directly ‘painted’ onto the retina – without recourse to any intervening form of 
image space (see Section 9.5). This approach is indicated by the dashed lines which 
directly link the image element generation and activation subsystems with the retina. 

 
The display subsystems are highly interdependent, and their operation and performance must 
be considered not only from an individual standpoint, but also in terms of their overall 
interaction. Below, we briefly refer to each subsystem in turn: 

 
1. The Primary Image Depiction Subsystem: This relates to the physical techniques 
brought to bear in order to provide a region where visible images may be depicted. A 
standard computer display screen provides the simplest instance of such a subsystem. By way 
of analogy, it may be compared to the surface employed in the creation of a painting. Given a 
particular tableau (paper, canvas, etc.) of suitable dimensions, the artist must consider 
appropriate methods of expression (oils, water colours, pen, etc.). Conversely, given a par-
ticular method of expression, the artist must seek an appropriate tableau. So it is with the 
primary image depiction subsystem – the nature of the subsystem impacts on the underlying 
techniques that must be employed in the creation of the visible image (the image element 
generation subsystem).  
 
2. The Image Element Generation Subsystem: This denotes the physical process that 
gives rise to the emission of light. Continuing with the analogy used in (1), the artist may 
choose to use certain pigments or charcoal. In this case, the underlying physical process 
giving rise to the visible image is the interaction of ambient light with these materials. In the 
case of traditional flat-screen displays based on CRT or thin panel plasma technologies, 
phosphor coatings are used for the production of the visible image. Thus, the process of 
cathodoluminescence denotes the image generation subsystem, and it is this phenomenon 
that is responsible for the emission of light from the screen. 
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3. The Image Element Activation Subsystem: This is responsible for driving the image 
element generation subsystem. Returning to the example of the artist’s work, this subsystem 
would be represented by the external lighting that illuminates and thereby makes the work 
visible. In the case of a traditional CRT-based display, this subsystem takes the form of the 
three electron beams that, under computer control, address the phosphor coatings and stimu-
late the production of visible light. 
 
As indicated, these three subsystems are highly integrated within the display, and the 
choice of one is likely to limit the opportunities available for the implementation of the 
others. For example, if we choose to use electron beams for image element activation 
then there are only certain physical phenomena that will respond to this stimulus by 
emitting visible light. In turn, the use of a small number of electron beams indicates that 
the display will probably be sequentially addressed, and this will  impact on the maximum 
size of the primary image depiction subsystem. 

The re-imaging/projection subsystem represents optical components through which 
light originating from the primary image depiction subsystem travels during its 
transmission to the human visual system. It may comprise a physical material through 
which the light must pass or some optical arrangement able to modify the direction 
followed by the light. For example, light emitted from the screens employed in an 
immersive virtual reality HMD passes through an optical arrangement before its entry 
into the eyes (see Section 8.3.1). Similarly, in the case of the lenticular display, the re-
imaging/projection subsystem takes the form of lenslets responsible for ensuring that 
each eye receives a slightly different view of an image scene (see Sections 6.5.3 and 
8.2.2). 

As mentioned above, the image generated by the re-imaging/projection subsystem 
is assumed to reside in, or appears to reside in, the ‘secondary image space’. This 
enables us to clearly decouple discussion concerning the physical and optical properties 
of the re-imaging/projection subsystem from the attributes that we ascribe to the visible 
image. For consistency, a similar approach is adopted in connection with the primary 
image depiction subsystem. 

In Figure 1.13, we also indicate the possibility that the image element generation 
and activation subsystems may be directly responsible for the formation of the retinal 
image (i.e. without recourse to any intermediate image space). This is intended to 
accommodate a technique in which images are directly ‘painted’ onto the retina using 
scanned laser beams – see Section 9.5.  

 
1.8 FORMS OF SPACE 

‘The important thing in science is not so much to obtain new facts 
 as to discover new ways of thinking about them.’41 

 
In this brief section we take the opportunity of introducing terminology which will be 
used to identify the two forms of space that we associate with our natural surroundings 
and the spatial characteristics of the traditional 2D tableau. In other parts of this work 
we extend this discussion.  

Consider the case of two identical objects located at different distances from an 
observer. Due to the characteristics of the focusing arrangement within the eye, the 
more distant object appears to be smaller. Similarly, the separation of equally spaced 
objects appears to diminish with distance. Railway tracks provide the classic example of 
these effects – the lines and ‘sleepers’ appearing to become closer together with distance 

                                                
41 Attributed to physicist William Bragg (1862-1942). 
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(see Figure 1.14 and Section 2.6.1). In the chapters that follow we refer to the perceived 
linear compression of space with distance as giving rise to a ‘3D perspective space’.  

This form of space is illusionary – railway lines are usually parallel and the sleepers 
are indeed regularly spaced. Consequently we refer to a ‘3D physical space’ in which 
objects retain their true spatial positioning (both relative and absolute) irrespective of 
viewing distance and location.  

Finally, consider the mapping of 3D perspective space onto a 2D tableau such as an 
artist’s canvas or electronic display screen. In creating a photorealistic rendition of our 
surroundings, we endeavour to set the composition within a framework that mimics the 
characteristics of 3D perspective space. This enables the formation of a ‘2D perspective 
space’. 

Elsewhere in this book we introduce several forms of image space. These are 
intended to directly relate to the characteristics of the primary and secondary image 
spaces (recall Figure 1.13) in which an electronically processed image resides or from 
which it appears to emanate. In contrast, the three forms of space introduced above are 
generally intended to be broader in scope. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

 

 
1.9 DISCUSSION 

‘Don’t worry about people stealing your ideas. 
 If your ideas are any good, you’ll have to ram them down people’s throats.’42  

 

In this chapter, we have presented material intended to introduce aspects of creative 3D 
display systems and have placed this in context through discussion of the traditional 
human-computer interface paradigm. We have emphasised areas in which this 
traditional approach limits and/or unnecessarily complicates our interaction with the 
digital world and have identified three general areas in which creative 3D systems may 
be beneficial. These are referred to as augmented realism, augmented information 
content, and creative design. In connection with augmented realism we have discussed 

                                                
42Attributed to Howard Aiken (1900-1973). 

 

Figure 1.14: In ‘3D perspective space’ railway 
lines appear to converge in the distance and the 
‘sleepers’ to which they are attached seem to get 
ever-closer together. ‘Perspective space’ is 
characterised by a perceived compression of 
space with distance. Indeed our visual sense 
would be greatly hampered if we simply 
perceived our surroundings in terms of a ‘3D 
physical space’. 
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the concept of the suspension of disbelief, which we have sought to frame within an 
historical context. In addition, we have endeavoured to highlight the importance of 
supporting, and capitalising on, human imagination within the interaction experience.  

The basic elements from which visible images are constructed (pixels and image 
voxels) have been introduced along with 3D point form (volumetric) data sets. In t his 
context we have briefly alluded to the strengths and weaknesses of working with 
volumetric data.  

In Section 1.4, we referred to the work of Gaspard Monge in laying the foundations 
of modern engineering drawing principles. Freebury [1964] provides useful introductory 
discussion on these general principles. Davies [1967] presents various constructions 
which are illustrated by means of beautifully crafted anaglyph drawings (some of which 
are reproduced in Blundell [2008]).  

In Section 1.6, we briefly discussed several computer graphics techniques. 
Numerous texts provide more in-depth discussion in this area. These vary considerably 
in terms of their mathematical content. Foley [1997] remains a classic book – but 
assumes familiarity with the necessary maths. Students who have a little less proficiency 
in this area often find Hill [1990] to be a more approachable work. See also Cooley 
[2001], Comninos [2006] and Newman and Sproull [1979] (which is a little dated but 
remains a valuable resource). Several books include both discussion on key computer 
graphics techniques and an introduction to the underlying mathematics. These include 
Blundell [2008], Vince [2006] and Jones [2001]. A number of books specifically focus on 
providing an introduction to key maths. The author has found that introductory level 
students often find Egerton and Hall [1998] and Dunn and Parberry [2002] to be quite 
helpful. For readers seeking more advanced discussion in the area of computer graphics, 
the author enjoys books such as Watt and Watt [1992], Mortenson [1985] and Slater  et 
al. [2002]. Rosenhahn et al. [2008] provides related discussion concerning human motion 
and is an invaluable resource for readers interested in motion capture and analysis.  

Introductory discussion on computer graphics from an artistic perspective is 
provided in Paquette [2008]. This contains much practical information for those 
intending to learn the use of 3D modelling and animation applications programs. 
Gauthier [2005] is also extremely valuable – not only in its discussion of general 

principles, but also in connection with more detailed content relating to Maya, 

Lightwave and Virtools. Banchoff [1990] provides an interesting introduction to 
multi-dimensional geometries. For useful discussion on the general principles of 
computer-aided design see, for example, Rooney and Steadman [1993].  

The books by Edward Tufte remain classics in information visualisation [Tufte 
1983, 1990] (also see Ellis [1993]). Amongst the many other excellent books in this area, 
the interested reader is likely to find Ware [2000] and Brown et al. [1995] to be valuable 
sources of general discussion. 

 
 
 
 

 
 



 

 

  
 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2.1 INTRODUCTION 
It is unrealistic to imagine that we can effectively design, prototype, and engineer creative 
three-dimensional (3D) display and interaction interfaces without making continual reference 
to the relevant human mechanisms through which we perceive and interact with our 
surroundings. The quest to understand our complex sensory systems (input channels), 
together with the rich forms of human communication (output channels), coupled with the 
related processing capabilities of the brain has given rise to an enormous, multidisciplinary 
field of research that has spanned many centuries. Naturally this has resulted in a vast wealth 
of scientific literature which is impossible to properly review within the confines of a single 
work, let alone two chapters. Consequently, in producing this chapter and the next we have 
simply chosen to lay various foundations and emphasise issues of particular relevance to the 
general scope of this book. Above all, we hope that this brief discussion will give readers new 
to this area a lasting impression of the fascinating nature of several human sensory systems. 

Here we will limit ourselves to the sense of vision and in Chapter 3 consider touch 
and kinaesthesia, which are both especially relevant to our later discussions concerning 
interaction. We focus in particular on the nature and performance of the biological 
transducers by means of which physical contact with the outside world is effected, and 
the pathways via which information is passed to the brain. 

In the next section we briefly review various characterist ics of light and then turn 
our attention to aspects of the visual system. We begin by examining the eye, which not 
only forms the transducer by means of which light is converted into electrical signals, 
but also performs some of the initial processing of the image data. Subsequently we 
very briefly consider the visual cortex and various visual charac teristics. Discussion then 
focuses on our perception of space and form and here we introduce a number of depth 
cues, along with the Gestalt Theory of visual perception. Finally we consider aspects of 
temporal resolution. 

2 PERCEPTION: VISION  

‘Then to her own sad heart muttered the Queen, 
'Will the child kill me with her innocent talk?' 
But openly she answered, 'Must not I, 
If this false traitor have displaced his lord, 
Grieve with the common grief of all the realm?’ 
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As mentioned, it is not possible to provide an in-depth discussion in this forum on such 
diverse and complex subject matter, nor is it possible to present a comprehensive 
review of published research literature. Consequently we provide exemplar references 
throughout the chapter that we believe will be especially useful to the interested reader. 
Additionally, in terms of sensory systems in general and the human visual system in 
particular, we recommend the Handbook of Perception and Human Performance which 
provides a wealth of in-depth discussion [Boff et al. 1986]. Howard and Rogers [2002] 
provide outstanding and comprehensive discussion on depth perception in their two-
volume text. Westheimer [1970] provides a complete, yet succinct, account of the 
imaging properties of the eye (also see Clement [1993]). A series of outstanding 
publications that appear under the title Vision and Visual Dysfunction [Cronly-Dillon and 
Gregory 1991] also provide excellent coverage of very many aspects of the visual 
system. Wyszecki and Stiles [2000] provide detailed discussion on the structure of the 
eye and on colour vision in general. Those seeking a general overview are likely to find 
Roberts [2002] especially helpful. Many texts deal with cognitive psychology. We 
particularly recommend those by Henry Gleitman [1981], Coren et al. [1994], Chapanis 
et al. [1949], Gibson [1950] and Schiffman [1990], all of which provide highly readable 
introductions to this subject. For readers interested in looking beyond the human sense 
of sight, the excellent book by Land and Nilsson [2002] is strongly recommended 
together with the beautifully crafted work by Karl von Frisch [1953] – who describes the 
behaviour and sensory systems of the honey bee. Also see Land [1968]. 

 

2.2 SOME FACETS OF LIGHT 

‘We do not truly see light, we only see slower things lit by it, 
so that for us light is on the edge - 

the last thing we know 
before things become too swift for us.’1 

 

The eye is a transducer that enables us to perceive a range of wavelengths within the 
electromagnetic spectrum. We refer to this ‘visible’ portion of the spectrum as ‘light’. 
Electromagnetic waves might almost be considered to possess mystical properties. Consider 
the night sky where a myriad of stars may be seen. The starlight has traversed the hostile void 
of space, needing no physical medium to support its passage. Oscillatory electric and 
magnetic fields have travelled at a speed of nearly three hundred million metres per second, 
but even so the voyage has from our perspective been long. Gazing upwards we travel back 
in time, seeing the stars as they existed perhaps many millennia ago. As we focus on one 
particular star, the journey of its starlight comes to an end as energy emitted by the star long 
ago enters our eyes and is focused onto the retina (see Figure 2.1(a)). This energy impinges on 
photoreceptive elements known as ‘rods’ and is converted into electrical signals which are 
ultimately passed to the brain. However, the image of the star cast onto the retina does not 
retain its sharpness but will (even in the case of a perfect (or emmetropic) eye) be subjected to 
various aberrations and be diffracted by the adjustable eye lens. Consequently like early 
astronomers we too may be tricked by the perceived image size2 [Cameron et al. 1999]. 

When at last dawn arrives, the level of ambient lighting increases and less sensitive 
photoreceptive ‘cones’ in the retina begin to respond. The fovea (the central region of the 
eye) contains a remarkable 150,000 cones per square millimetre, and can now operate and 
support super high-resolution imaging. Furthermore (unlike the rods) these cones can 
distinguish between different wavelengths in the incident light, allowing us to experience the 
vivid colours of the dawn sky.  

                                                
1 C.S. Lewis, ‘Out of the Silent Planet’. 
2 As discussed later in this section, diffraction may lead to light point sources being magnified.  
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(a) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

(b) 

 
Figure 2.1: In (a) the form and major constituents of the human eye (see text for 
discussion). In (b) the optic nerve from the eye. The scarcity of photoreceptors in 
this region leads to the ‘blind spot’ – see text for discussion and also Figure 2.11. 
(Diagrams reproduced from Gray [1918].) 

 
Of course colour as such is not an inherent property of light - it is rather a sensation created 
by our visual system based on the reception of radiation of different wavelengths3. This is 

                                                
3 The fascinating character of light is not confined to its visual sensation. For example, the photons that 
comprise electromagnetic radiation may, under certain conditions, be observed to possess wave-like properties 
and on other occasions act as individual ‘particles’. Perhaps even more remarkably, the speed of light in free 
space is a constant and does not appear to change as we move toward or away from a source. 

 

 

 

 

http://www.bartleby.com/107/225.html#i869
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indeed a remarkable illusion, but then so is our overall perception of light itself. In this 
context Johann Gottleib Fichte (1762–1814) writes: 
 

‘Translucent penetrable space, pervious to sight and thrust, the purest image of my 
awareness, is not seen but intuited and in my seeing itself is intuited. The light is not 
without but within me, and I myself am the light.’4 

 
From this perspective we may consider that we are living within a Universe in which darkness 
is absolute – that is, ‘light’ does not exist as a physical entity. However, the eyes and visual 
system as a whole operate in a manner akin to a radio receiver.  In this sense, they are able to 
detect radiation of certain wavelengths and act as transducers, thereby providing us with a 
sensation that we comfortably ascribe to the illumination of our surroundings. But in actual 
fact, as Fichte suggests, our experience of ‘light’ lies entirely within our minds. 

However, in the pages that follow we will place this interesting (but somewhat 
disconcerting) notion to one side. 

 

2.2.1 Colour 

The human observer can perceive light in the range of approximately 400 to 700 nanometres 
(nm),5 and under conditions where the light is of sufficient intensity these wavelengths are 
perceived as the colours referred to respectively as violet and red. As will be discussed shortly, 
the eye is not equally sensitive to all colours (hues) within this range and has two peak 
sensitivities. In daylight conditions when the cones are operating efficiently this peak is at 
approximately 555nm. In contrast, in subdued lighting conditions when the rods are 
dominant the peak is shifted to approximately 505nm. (Both rods and cones are equally 
sensitive to red light). The sensitivity of the rods and cones to different levels of illumination 
is illustrated in Figure 2.2, and their relative sensitivity to different wavelengths is shown in 
Figure 2.3. 

When discussing colour we must consider three key characteristics: hue, intensity, and 
saturation. Their relationship is shown in Figure 2.4 where the well-known ‘colour spindle’ is 
illustrated. Moving vertically upward in the diagram corresponds to increasing intensity 
(and gives rise to a greyscale), whereas moving around the circumference denotes 
changes to the hue or colour of the light. Finally as we move outward from the central 
axis the saturation changes. This corresponds to the purity of colour, varying from 
monochromatic light at the centre to vibrant, rich colours at the periphery.6 The tapering 
shape of the spindle indicates that the greatest degree of saturation is possible at only 
moderate degrees of brightness [Osgood 1953].  

Artists generally use a subtractive technique for creating colour in their paintings 
which involves mixing appropriate pigments in the correct ratios. For example, yellow and 
blue pigments may be mixed to provide green. The former reflects colours from within the 
red, yellow, and green portions of the spectrum (absorbing all else), whereas the latter 
reflects in the green, blue, and violet regions (again absorbing all else). Consequently, 
when mixed, only wavelengths corresponding to what we perceive as a green colouration 
will be reflected. This subtractive technique tends to reduce brightness [Osgood 1953]. As 
further described by Osgood, an additive approach may also be used. For example, see 
Figure 2.5 where two paintings by the French Impressionist and Pointillist, Georges Seurat 
(1859-1891) are reproduced. Here colour ‘mixing’ is achieved by forming the painting from 
small ‘dots’ (brush strokes) of colour which, when viewed from a suitable distance, merge and 

                                                
4 Quoted in Pesic [2009]. 
5 This is sometimes expressed in units of Angstroms (Å), where 10Å = 1nm and 1nm = 10-9m. 
6 Most hues that we encounter in everyday life are desaturated as a consequence of heterogeneous surface 
reflectance characteristics [Osgood 1953]. 
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blend to provide the overall colouration. The additive technique used by Seurat over a 
hundred years ago is employed today in both conventional flat-screen displays and in most 
creative 3D technologies.7  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 
 
 
Figure 2.2: The eye is able to operate across a very wide range of lighting 
conditions. Rods are much more sensitive than cones and so support our night-time 
vision. These two types of photoreceptor essentially provide two separate (and 
complementary) visual mechanisms.  
 

2.2.2 Light Energy 
‘And now here is my secret, a very simple secret; 
 it is only with the heart that one can see rightly, 

 what is essential is invisible to the eye.’8 

 
It is useful to introduce some terminology employed in the context of measurements  of 
light energy and to distinguish such physical measurements from our perception of the 
level of illumination that we associate with an object or image scene. Physical 
measurements of light energy may be confusing because over the years a range of units 
have been introduced and when reading older publications one may be faced with a 
bewildering variety of units. In this context, Coren et al. [1994] write: 
 

‘The result was chaos. Even among the most scholarly scientists, few can tell you how many 
nits there are in an apostilb or a blondel, or how any of these units related to a candle or a 
lambert.’  
 
 

 

 

                                                
7 For detailed discussion on colour vision, see Wyszecki and Stiles [2000]. 
8 Attributed to Antoine de Saint-Exupéry (1900–1944). 
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Fortunately, the SI system of units provides us with a rational framework of measures, these 
being broadly based on the amount of light emitted by a single source. In the discussion that 
follows we will loosely follow that presented by Coren et al. [1994]. 

The light energy flux emitted by a source (such as an electrical light or candle) is referred 
to as ‘radiance’ and is measured in units of ‘lumens’, which corresponds to energy emitted per 
unit of solid angle from a source of one candela.9 When we consider the amount of light 
energy that falls on a surface, we use the term ‘illuminance’. This is measured in ‘lux’ - one lux 
corresponding to one lumen per square metre (i.e. 1lm/m2). The energy of the light reflected 
by a surface is referred to as the ‘luminance’, and has yet another unit - candelas per square 
metre (cd/m2). ‘Reflectance’ (R) is used to relate luminance (L) and illuminance (I) - such 
that: 

 

 .100(%) x
I

L
R          (2.1) 

 
Finally, we may refer to the ‘retinal illuminance’ which provides a measure of the light energy 
incident on the retina. This quantity is measured in terms of ‘trolands’ (where one troland 
corresponds to 1cd/m2 viewed through a pupil of area 1mm2).10 These terms relate to the 

                                                
9 A standard candle produces a power slightly in excess of  0.001W at 555nm. 
10 As we will see in Section 2.3.1, the size of the eye’s pupil changes with lighting level and thereby influences the 
amount of light falling on the retina. Retinal illuminance does not take into account the effectiveness of the light 
impinging on the retina (for example, as we will see, different parts of the retina are more/less sensitive to light). 
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Figure 2.3: Rods and cones have 
differing peak wavelength sensitivities. 
The change in apparent brightness 
with changes in illuminance is referred 
to as the Purkinje shift, after Johannes 
Purkinje. He noticed that at dusk the 
apparent brightness of different 
coloured objects gradually changes 
(e.g., reds become darker, and blues 
relatively brighter). Note that in both 
diagrams receptor sensitivity is 
normalised. (After Coren et al. [1994].) 
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physical measurement of light energy, which of course differs from our visual perception of 
the surroundings. In this context, we refer to ‘brightness’ - our perception of which is 
influenced by various factors (for example, see Figure 2.6). To a first approximation, a 
logarithmic relationship exists between the retinal illuminance and the perceived 
brightness. Consequently, for example, doubling the number of light sources illuminating an 
object does not double its perceived brightness. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.4: The colour ‘spindle’. Moving vertically upward corresponds to changes 
in brightness, moving away from the central axis corresponds to changes in 
saturation, and moving around the circumference results in changes in the hue. 
Note that a high degree of saturation can only be achieved at moderate brightness. 
(After Troland [1930].) 

 

Often when describing certain spatial characteristics of an image, we are particularly 
interested in relative differences in the luminance. In this sense we are concerned with the 
contrast contained within an image scene. Consider for a moment a pattern of black lines 
drawn on a white background, as illustrated in Figure 2.7(a). A strong contrast exists as a 
consequence of the significantly differing reflectance of the black-and-white regions (compare 
this with the grating illustrated in Figure 2.7(b)). We can define the ‘contrast ratio’ (C) as 
follows: 
 

.
minmax

minmax

LL

LL
C




      (2.2) 

 
This is a convenient expression since it provides a measure of the difference between  the 
maximum and minimum luminance (denoted as Lmax and Lmin respectively) and at the same 
time C is independent of changes in the illuminance. 

The rods and cones within the eye react to incident photons. However, the human 
visual system can only perceive photons within a particular energy range. Consider incident 
light that has a wavelength of 530nm. This wavelength corresponds to a frequency (v) of 
approximately 5.7x1014Hz.  
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By means of the following equation, we can readily calculate the photon energy: 
 

,hE   

 
where, h represents Planck’s constant11. Use of this equation yields a photon energy of ~37.8 
x 10-20J (equivalent to ~2 . 4 eV)12. Reducing the wavelength of the incident light results in an 

                                                
11 Planck’s constant ~6.626 x 10-34J.s.   
12 The abbreviation eV represents ‘electronvolts’ and 1eV ~1.6 x 10-19J. 

 

 

Figure 2.5: Two paintings by the 
French Impressionist and 
Pointillist, Georges Seurat. Here, 
small ‘dots’ (brush strokes) of 
colour are applied to the canvas 
and when viewed from a suitable 
distance, they merge and blend to 
provide overall colouration. The 
additive technique used by Seurat 
over one hundred years ago 
parallels the approach used in 
today’s conventional and creative 
display systems. Left: ‘Grey 
Weather, La Grande Jatte’ and 
below: ‘Un Dimanche Après-midi à 
l’Ile de la Grande Jatte’ (A Sunday 
Afternoon on the Island of La 

Grande Jatte). 
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increase in photon energy, and a figure of 3eV provides a convenient approximation to the 
average energy of photons visible to the eye. Photons in the infrared part of the spectrum (i.e. 
toward lower frequencies) have insufficient energy to stimulate the photoreceptors within the 
eye, and those in the ultraviolet part of the spectrum (toward higher frequencies) are 
absorbed during transit (by, for example, the cornea at the front of the eye). Thus our 
window of visibility is defined.13  

 
 

 

 

 

 

 

 

 

 

 

 

Figure 2.6: Our perception of brightness depends on various factors. For example, 
consider the two smaller squares illustrated here. Although equal shading has been 
applied to both, we perceive them as being slightly dissimilar. This is because of the 
difference in the surrounding colouration.  

 

2.2.3 Diffraction in Optical Systems  
Before arriving at the retina, incident light must pass through the transparent parts of  
the eye. These structures determine the sharpness of the image cast  onto the retina. The 
retinal image is thus subject to optical effects and limited by the  physics of optical 
systems, independently of the nature and distribution of the photoreceptors and 
subsequent processing of the image by the neural visual system.14  

Diffraction imposes a fundamental limit on the sharpness of the image formed by any 
optical system. Consider the simplest form of image - a sharply defined point source of light. 
Even if all other imperfections and aberrations could be corrected, the point source will not 
be brought to a perfect focus but will give rise to an ‘interference pattern’ - a direct 
consequence of the wave nature of light. For a circularly symmetric system (such as the eye), 
the resulting intensity pattern is known as an ‘Airy disk’15 (see Figure 2.8(a)). The intensity 
profile of the Airy disk can be described by the expression (see, for example, Born and Wolf 
[1959]): 
 

.
)(2

2

1












J
II o      (2.3) 

 

 

 

                                                
13 Watson et al. [1983] pose the somewhat broad question: ‘What does the eye see best?’ and identify a spatiotemporal 
stimulus that is best detected. This comprises a small, briefly exposed circular patch of a sinusoidal grating cast 

onto the fovea such that approximately 7 cycles of the grating subtend a visual angle of 1, drifting at 
approximately 4Hz.  
14 Some major aberrations affecting systems such as the eye are summarised in Section 2.3.1. 
15 The Airy disk and slit interference pattern described here strictly apply in the far-field - or Fraunhofer 
diffraction regime. For images formed by apertures only, this requires that the image is relatively distant from 
the aperture. For systems containing lenses, the position of the image is determined by the focal length of the 
system, and the Fraunhofer approximation can be applied [Born and Wolf 1959]. 
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   (a)                  (b) 

Figure 2.7: Because of the differing reflectance of the black-and-white regions, 
grating (a) exhibits a high contrast ratio. In (b), the contrast ratio has been reduced 
since a shade of grey has now replaced the white regions used in (a). Note that by 
definition, the contrast ratio is independent of changes in illuminance. 
 

Where, 

.sin





D
      (2.4) 

 

Here, D is the diameter of the optical system,  is the wavelength of the light, and  is the 

angle measured from the optical axis (see Figure 2.8(a)). The function  J 1( )  is a Bessel 
function (of the first kind) of order zero. For the purposes of the discussion in this text, it is 

sufficient to know that J 1( )  has a form comprising decaying oscillations about zero, as 
shown in Figure 2.8(b). 

The Airy disk given by Eq. (2.3) is the point spread function (PSF) associated with an 
optical system of circular symmetry. All optical systems have an associated PSF, which is 
observable directly when a point source is imaged. This also applies to any image scene 
observed with the same optical system, because an image may be viewed as comprising a set 
of discrete point sources (which is indeed a physical reality when we consider images that are 
captured and/or displayed by digital systems). As a result, the retinal image comprises a 
superposition of PSF light distributions from the point sources comprising the scene. The 
effects of the PSF’s are usually most apparent at sharp intensity boundaries. 

Consider the image cast by two point sources of light in such a system. Each point 
will be imaged to an Airy disk. Clearly, if the point sources are too close together their 
diffraction patterns will overlap to such an extent that the points will not be resolved 
(discerned). The traditional criterion used to measure the angular resolving power of an 
optical instrument (such as a telescope) was defined by Lord Rayleigh as  the angle 
subtended by two point light sources (e.g., stars) when the central peak of the Airy disk from 
one source coincides with the first minimum (away from the centre) of that from a second 

source (see Figure 2.8(c)). The angle min at which this resolution limit occurs is dictated by the 

position of the first minimum of the Bessel function, J 1( ) .  Th is  occurs at =3.83. 

Rearranging Eq. (2.4), for this value of , we obtain: 
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D
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Using the small angle approximation, sin~, we can express this in approximate form as: 
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D
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                 (2.5) 
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where min is measured in radians. This calculation is known as Rayleigh’s criterion for 
resolvability. The imaging resolution thus depends on the wavelength of the light  and on 
the diameter of the optical system (the limiting diameter of the lens or aperture).16 This 
expression tells us that point sources can be resolved more clearly by larger diameter optical 
systems, and shorter wavelengths can be imaged more sharply than longer ones. A system in 
which the limiting factor in the formation of the image is caused by diffraction is referred to 
as being ‘diffraction limited’. 
 

 
 
Figure 2.8: When an image is formed using an optical system comprising an 
aperture or lens, the wave nature of light imposes a diffraction limit on the resolution 
of the image. In (a) the image of a point source is not a point (as would be predicted 
by geometrical optics) but a diffraction pattern, which is known as the point-spread 
function of the system. For a circular aperture, this pattern is known as an Airy disk. 

In (b) the profile of the Airy disk is defined in terms of the Bessel function J l( ) . 
The angular resolving power of an optical instrument is defined according to the 
arbitrary criterion laid down by Lord Rayleigh. This equates angular resolving power 
to the angle subtended between two stars when the maximum of the diffraction 
pattern generated by light from one star falls on the first dark ring generated by the 
light received from the other – as shown in (c). This process results in the intensity 
falling by a factor of 0.735 in the region between the peaks. 

 

Consider two stars that subtend an angle  at a convex lens (e.g., the lens within the eye). The 
image of these two stars will be formed in the focal plane of the lens, and they will be seen to 

be separated by a distance f (where f denotes the focal length of the lens). Thus increasing 
the focal length of the lens employed will increase their separation.  

 
‘Unfortunately this increase in linear separation does not help in resolving the two stars, 
because the scale of their diffraction patterns increases in proportion.... It is important to 
appreciate clearly the difference between altering the magnification which simply changes 
the size of the image and increasing the resolution which allows more detail to be seen.’ 
[Smith and Thomson 1975].  

                                                
16 In fact, intensity is also a factor. 

(a) 

(c) (b) 
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In the case of an optical instrument such as a telescope, the angular resolving power may be 
enhanced by increasing D. For further reading see, for example, Hecht and Zajac [1974] and 
Smith and Thomson [1975]. 
 

2.3 THE VISUAL SYSTEM 

‘And I will show you something different from either your shadow  
at morning striding behind you 

or your shadow at evening rising to meet you; 
I will show you fear in a handful of dust.’17 

 

Life forms equipped with visual systems have been traced back to shortly after the Cambrian 
Explosion (beginning approximately 570 million years ago). In their excellent book, Peter 
Lindsay and Donald Norman [1972] begin a discussion on the visual system in the following 
way: 
 

‘Light enters the eye and passes through the various parts - the cornea, the aqueous humour, 
the iris, the lens, and the vitreous body - until finally it reaches the retina. Each part 
performs a simple task, but each appears to have flaws. In many respects, the eye is a rather 
peculiar kind of optical instrument. Certainly, were an optical specialist to try to design an 
eye, he would avoid some of the flaws found in the human eye: flaws that should make it an 
unwieldy and imperfect instrument. As is usual with the parts of the body, however, the eye 
ends up as a beautiful instrument, exquisitely tailored to the function it must perform, more 
sensitive, more flexible, and more reliable by far than any device made by man.’ 

 
The human eye is indeed a remarkable optical instrument - so remarkable that even Charles 
Darwin (writing in 1859) [Darwin 1998] was troubled in explaining its evolution. In his work, 
The Origin of Species, Darwin wrote: 
 

‘To suppose that the eye, with its inimitable contrivances for adjusting the focus to 
different distances, for admitting different amounts of light, and for the correction of 
spherical and chromatic aberration, could have formed by natural selection, seems, I freely 
confess, absurd in the highest degree. Yet reason tells me that if numerous gradations 
from a perfect and complex eye to one very imperfect and simple, each grade being useful 
to its possessor, can be shown to exist; if further, the eye does vary ever so slightly, and 
the variations be inherited, which is certainly the case; and if any variation or 
modification in the organ be ever useful to an animal under changing conditions of life, 
then the difficulty of believing that a perfect and complex eye could be formed by natural 
selection, though insuperable by our imagination, can hardly be considered real.’ (Source: 
[Cronly-Dillon and Gregory (eds). 1991].) 

 
In the light of current understanding, Darwin need not have been overly concerned by this 
suggested evolutionary process. Many now consider that the evolution of an eye that can 
sense and relay spatial information, rather than act as a simple photoreceptor that can 
detect the presence (or otherwise) of light, occurred over a relatively brief period of a 
few million years. Land and Nilsson [2002], drawing on the work of Nilsson and Pelger 
[1994], provide an interesting account to demonstrate that, in principle, based on a 
selection process favouring improved spatial resolution, evolution (assuming a 0.005% 
modification from one generation to the next) could have taken place over 400,000 
generations. 

Today we encounter creatures possessing a rich diversity of optical arrangements 

                                                
17 T.S. Eliot (1888-1965). 
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within their eyes, and this gives rise to remarkably different visual characteristics. Land 
and Nilsson [2002] provide a most enjoyable account of the optical systems employed 
by a range of creatures, and certainly, gaining an insight into the great diver sity of 
systems devised by nature can strongly reinforce our understanding of the remarkable 
form of our own visual system.18 

The human eye contains approximately 126 million photoreceptors which, in the fovea 
(the central region of the eye containing the highest density of receptors), reach a density of 
150,000mm-2 (this markedly contrasts with the density of pixels on a conventional computer 
screen). Information from the receptors is passed to the brain by around one million nerve 
fibres. As we will discuss, the outputs of some receptors are combined with those of 
neighbouring photoreceptor cells and only a common integrated signal is transmitted further 
into the brain, whereas those in the fovea centralis have individual pathways along which the 
electrical signals (action potentials) they generate may pass. 

The ability of the eye to respond to different levels of lighting is particularly impressive. 
Consider the range of illumination between a bright sunny day and a sky in which only the 
stars illuminate the heavens. Between these two extremes the photon flux varies by 
approximately eight orders of magnitude (1020 photons m-2s-1 for a sunlit day, and 1012 
photons m-2s-1 for a starlit night [Land and Nilsson 2002]). The eye can operate over this 
tremendous range (although naturally, within a single image, variations are usually quite 
small). 

In the next subsection we briefly consider some of the key elements within the eye that 
work together so as to create an inverted image on its rear surface (retina). Subsequently, we 
review aspects of the nature and organisation of the retina and the impact of eye movements. 

 
2.3.1 The Eye as an Optical Instrument 
Key elements of the human eye are illustrated in Figure 2.1. The outer casing comprises three 
layers. The outermost takes the form of a tough protective membrane known as the scerotic 
coat. A darkly pigmented choroid layer serves to prevent the entry of light into the eye other 
than via the cornea (this is the frontal portion of the scerotic coat). Finally, the third and 
innermost layer (the retina) contains elements that react to the incoming light and convert this 
to electrical nerve impulses. Below, we consider optical components housed within this 
casing. 
 
(a) The Lens Structure: Light entering the eye is brought to a focus on the retina by two 
mechanisms. These are as follows: 

 
1. Boundary Refraction: This occurs as the light enters the eye (i.e. at the cornea) and is a 
consequence of the difference in the refractive index of this part of the eye and that of the 
surrounding air. The focusing action of this interface is non-adjustable and is dependent on 
curvature. Approximately two-thirds of the focusing action occurs at this interface.  
 
2. The Adjustable Lens: The focal length of the lens is adjusted by changes made to its 
thickness and hence its curvature. This is achieved by the ciliary muscles that surround the 
periphery of the lens and that are able to exert tension on it. The lens is pliable and in the 
absence of any forces is approximately spherical in shape. It comprises many layers of thin 
crystalline tissue. Of course, all living cells must be supported by a continual supply of 

                                                
18 The article by Richard Gregory (appearing in the text edited by Cronly-Dillon and Richard Gregory [1991]) 
provides fascinating discussion on the copepod Copilia quadrate, which is described by naturalist Selig Exner as ‘a 
beautiful, highly transparent pin-head sized creature’. Most interestingly, she provides us with an example of a scanning 
eye, which has a single optical nerve. Such eyes seem to follow a regular horizontal scanning movement, 
thereby sweeping the light across the single receptive element. 
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nutrients which are commonly derived from the bloodstream. However, the presence of 
blood vessels in the lens (and cornea) would clearly hamper the passage of light, and so the 
lens tissue is left to derive its nutrients from the materials with which it is in contact. This 
would seem to be a non-optimal solution as it makes it difficult for the inner layers to gain 
nutrient, and over time dead cells hamper its operation (by, for example, reducing pliability 
and so increasing the ‘near point’19 distance with age). 

 
As mentioned above, light entering the eye first passes through the cornea. The largest 
difference in refractive index of the components through which the light must pass occurs at 
the interface between the external air and cornea, and so it is here that the maximum 
refraction occurs. Next, the light passes through an aqueous humour that is in contact with 
the lens. This maintains the internal pressure of the eye (approximately 12-23mm Hg), and 
this supports its shape. On the other side of the lens lies the ‘jelly-like’ vitreous humour filling 
the eye. The action of the lens in focusing the light is governed not only by its thickness (and 
hence curvature),20 but also by the differences in refractive indices of the aqueous and 
vitreous humours lying on either side of it. The refractive indices of the aqueous and vitreous 
humours relative to the lens are much less than that at the air-cornea interface21, and hence 
the lens contributes less to the overall focusing action.22 

Although it is simple to explain focusing in these terms, issues become much more 
complex when we try to understand the control of the focusing system. This clearly relies on 
the presence of a feedback loop in which characteristics of the incoming image are used by 
the visual system to determine the degree of tension to be applied to the lens. Although 
focusing is achieved unconsciously and automatically, we can deliberately defocus our vision, 
and therefore the process must involve higher-level brain function. Focusing is by no means 
instantaneous; the reaction time to a stimulus is reported as being of the order of 0.3 seconds, 
with the action being completed within about 0.9 seconds after the onset of the stimulus 
[Boff et al. 1986]. This response time is influenced by target detail, distance, and level of 
illumination. 

The lens is by no means a perfect optical element and, coupled with the other media in 
the eye through which light passes, gives rise to various distortions.23 Major aberrations 
(defects) inherently associated with a lens system may be summarised as follows: 
 
1. Spherical Aberration: After passing through a convex lens, parallel rays of light are 
generally considered to meet at a common focal point. This is however an approximation, 
and in fact the distance of the rays from the optical axis determines the sharpness of focus. 
Restricting the diameter of the lens can ameliorate this problem, and as indicated below this is 
one function of the pupil. Although this is an appropriate solution under brighter lighting 
conditions, it is less effective when the level of illumination is reduced. 
 

2. Chromatic Aberration: Different wavelengths of light are bent by different amounts 
when entering or emerging from the lens. Consequently, the presence of different wavelengths 
within a parallel beam of light will impact on the sharpness of focus that can be achieved by 
the lens. 

                                                
19 The near point is the minimum distance from the unaided eye at which an image component can be brought 
into focus, i.e., the least distance of distinct vision. It is usually assumed to be ~25cm. 
20 The curvature of the two surfaces of the lens is not the same - curvature is greater on the lenses rear surface. 
21 When, for example, swimming underwater without goggles, much of the focusing action of the cornea is lost 
(because of the reduced differential in the refractive index). 
22 The refractive indices of the various components are as follows: the cornea 1.34, the aqueous humour 1.33, 
the lens centre 1.41, and the vitreous humour 1.34 [Cameron et al. 1999]. 
23 These are inherently associated with the optical system, and we ignore optical defects giving rise to myopic 
and hyperopia conditions, which can be corrected with glasses. 
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3. Astigmatism: This occurs as a consequence of the lens exhibiting different optical 
characteristics in different meridians. In this case, a point source object will give rise to an 
image that is elongated in some direction.24 
 
Interestingly, studies directly measuring aberrations in the human eye have found 
considerable variation in the severity of each aberration type [Jiang and Williams 1997, 
Charman and Chateau 2003]. 

Light passing through the eye will also be subjected to scattering. This is caused by the 
fluids in the eye and is exacerbated by the need to pass through various retinal  layers (see 
below) before reaching the photoreceptors. Even if aberrations could be completely corrected 
and scattering neglected, the diffraction effects discussed previously would ultimately provide 
a fundamental limit to resolution. 

Small differences are likely to exist in the characteristics of the lens in each eye, and these 
will naturally give rise to slight differences in the two retinal images (although Jiang and 
Williams [1997] found that these were much smaller than differences between individuals). In 
normal circumstances, such differences cannot be discerned in the binocular image. For 
example, if there is a 5% difference in size, the two images can still be fused [Cameron et al. 
1999]. (Look ahead to Figure 6.32.) 
 
(b) The Iris: This determines the size of the pupil (the pupil is the hole in the iris) and 
thereby the extent of the aperture through which light may impinge on the lens. Under bright 
lighting conditions, the pupil becomes smaller - it grows in size as the lighting is dimmed. The 
response time to changing lighting conditions is quite slow. It takes approximately 5 seconds 
to contract fully when going from dim to bright lighting conditions (about 1.5 seconds to 
reach two thirds of its size). When adjusting to a rapid and strong reduction in lighting level, 
it takes approximately 10 seconds to dilate to two thirds of the maximum amount, and up to 
5 minutes to open fully [Lindsay and Norman 1972], which clearly suggests that the retina 
must be adaptive to changing levels of lighting conditions. Even neglecting the length of the 
pupil’s adjustment process, another indication of the inability of changes in pupil size to 
effectively control the level of illumination reaching the retina is provided by considering the 
range of lighting conditions across which the eye can function, and comparing this with 
corresponding changes in pupil size. As mentioned previously, the number of photons 
arriving at the Earth’s surface on a bright sunlit day and on a dark starlit night varies by 
approximately eight orders of magnitude. In sunlight, a human’s pupil is approximately 2mm 
in diameter, and in darkness, it is approximately 8mm [Land and Nilsson 2002]. This provides 
for a 16-fold increase in pupil area, indicating that the pupil alone may only vary the level of 
illumination within the eye by a factor of approximately 16. This is very much less than the 
factor of 108 occurring between the sunny and faintly illuminated sky! In fact, it seems that 
the principle reason for the changing size of the human pupil is not to finely control the 
amount of light entering the eye, but rather to achieve the best compromise between 
resolution and sensitivity under different lighting conditions. 

 
2.3.2 The Retina 
Here we find the vast array of photoreceptive elements responsible for sampling the incident 
light and cell interconnections that perform initial processing of the visual scene. By analogy, 
the retina is the biological equivalent to the charge-coupled device (CCD) array employed in a 

                                                
24 Older monochrome Cathode Ray Tube (CRT) based displays frequently provided an astigmatism 
adjustment control. This was used to correct for asymmetrical characteristics of the electronic lens system 
which caused the formation of a non-circular beam ‘spot’ on the CRT screen. 
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digital camera. However, any comparison between the two rapidly breaks down when we 
consider their relative performance characteristics.  

The human eye employs two types of receptor. These are known as ‘rods’ and ‘cones’. 
The former are far more sensitive than the latter but cannot provide colour sensation. 
Consequently, rods provide the primary mechanism supporting our sense of sight under low 
lighting conditions and are also more sensitive to rapid changes in the visual stimulus (indeed, 
rapid changes in the peripheral vision trigger a reflex reaction to turn the head toward the 
source). Cones are equipped with the photochemical materials needed for colour vision. This 
is achieved by the presence of three classes of cone, each of which has a different spectral 
response (see Figure 2.9). In essence, the rods and cones form two separate (independent) 
visual systems within the eye, and as indicated in Figure 2.10, they are distributed across the 
retina quite differently. As can be seen in this illustration, the density of rods gradually 
increases toward the optical axis and then rapidly decreases. This decrease is accompanied by 
a very large increase in the density of cones, such that the small central region of the eye (the 
fovea) essentially comprises only cones. In this area, the density of cones is extremely high - 
approximately 150,000 cones per square millimetre. This is the region of the retina onto 
which the central part of the image (the region of fixation) is cast and is sampled at the 
greatest resolution. At any instant, direct colour information of the visual scene comes almost 
exclusively from this area. Naturally, the non-uniform cell distribution gives rise to varying 
visual acuity across the field of view: 

 
‘So that the image which we receive by the eye is like a picture, minutely and elaborately 
finished in the centre, but only roughly sketched in at the borders.’ [Helmholtz 1873, p. 
213] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.9: The normalised spectral response characteristics of the three classes of cone 
in the human eye. (Diagram kindly supplied by Professor Stephen Westland.) 

 

The human eye contains approximately 120 million rods and 6 million cones [Lindsay and 
Norman 1972]. Surprisingly, the photosensitive region of these receptors is oriented away 
from the incoming light; i.e., they point inward - towards the back of the eye. Furthermore, 
the nerve fibres that form a web of connections and interconnections between 
photoreceptors lie in the path of the incoming light, and through this the light must pass 
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before being detected.25 Each eye contains a ‘blind spot’ - this is the region via which the 
connections from the receptor network pass back through the retina and leave the eye. The 
size of the blind spot is by no means insignificant, and as indicated by Helmholtz [Warren 
and Warren (eds). 1968] and mentioned by Cameron et al. [1999]: 

 
‘The blind spot is so large that it might prevent our seeing eleven full moons if placed side by 
side, or a man’s face at a distance of only six or seven feet.’ 

 

It is therefore surprising that the blind spot is not usually visible to us (even when we close 
one eye), but its presence can be clearly observed when we correctly view Figure 2.11. 
Interestingly, Edme Mariotte, who discovered the phenomenon, amused Charles II and his 
courtiers by showing them how they might see each other with their heads cut off [Warren 
and Warren (eds). 1968]. 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 

 
Figure 2.10: Schematic illustration of the variation in the densities of cones and rods 
across the human retina. Here the distributions are indicated in a horizontal plane. The 
central region of the retina has a very high density of cones and supports our super 
high-resolution colour imaging (see text for discussion). (After Pirenne [1967].) 

 
The structure of the retina is illustrated in Figure 2.12. Signals from one or more of the two 
photoreceptive types are ultimately combined in ganglion cells - the output cells of the retina 
- the axons of which project into the brain and form what is known as the optic nerve.26 In 
addition to the photoreceptor and ganglion cells, the retina contains other cell types that 
connect the rods and cones to the ganglion cells. These are the horizontal cells, the bipolar 
cells, and the amacrine cells. Some bipolar cells are direct intermediaries between the 
photoreceptors and the ganglion cells. However, there is also a lateral network mediated by 
the horizontal and amacrine cells, which allows signals from neighbouring photoreceptors to 
be pooled and gives rise to a ‘receptive field’ structure in the retinal response [Kandel et al. 
2000]. The receptive field is an important concept that is repeated in the visual cortex and in 
the cortical processing of visual information. It provides a mechanism for combining a 
number of input signals in such a way as to increase sensitivity to contrast-spatial or temporal 
changes in light intensity occurring in the visual image. The receptive fields of the retinal 
ganglion cells have the form of concentric ‘centre’ and ‘surround’ regions, with the central 

                                                
25 In the fovea, the extent of such obstructions is minimised - cones located in this region have direct neural 
connections. 
26 For related discussion see, for example, Masland [1986]. 
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region typically excitatory and the outer area inhibitory (see Figure 2.13). Thus, small features 
produce a strong response at the centre of the appropriate central region, whereas larger 
stimuli impinge upon both regions and the response is reduced (since both excitatory and 
inhibitory signals are generated).  
 

 

 

 

 

 

 
Figure 2.11: The ‘blind spot’ can be clearly observed when this diagram is viewed 
correctly. Close your left eye and gaze at the ‘X’ with your right eye. Adjust the 
distance of the diagram from the eye until the square disappears. It is now being cast 
onto your blind spot. Notice that when in this position, although the square cannot be 
seen (be sure to maintain your gaze on the ‘X’), the horizontal line appears unbroken. 
The visual system extrapolates the presence of the line across the unseen space. 

 
Some 90% of the retinal ganglion cells belong to two types: P cells (80%) or M cells (10%).27 
The response profiles of these two cell types are in fact quite distinct - the P cells respond to 
high spatial frequencies and are wavelength selective but are relatively insensitive to temporal 
changes, whereas the M cells convey only coarse spatial detail but respond strongly to 
changes in light intensity28 [Tovee 1996, Kandel et al. 2000]. The outputs from the M and P 
channels subsequently feed into processing streams within the brain (Section 2.4.5). 

Finally, and by way of comparison, it is instructive to mention an exemplar alternative eye 
structure. Here, there are an abundance of possibilities - for many different forms of eye are 
found in nature. Below, we have arbitrarily chosen to refer to the bee’s eye.  This gives rise to 
an erect (rather than inverted) retinal image, can operate beyond the spectral limits of the 
human eye and is able to sense polarized light. Below is an extract from the fine work by Karl 
von Frisch [1953]: 
 

‘The eye of the bee – like all other insects – is not provided with pupil, iris, or lens. The 
retina at the back of the eye is comparable to the human retina except that the image thrown 
on to it is produced in a different way. A strongly convex eye rises from each side of the bee’s 
head. Seen through a magnifying lens of high power, the surfaces of these eyes appear to be 
divided up into a great number of exquisitely neat little facets, thus indicating in its outer 
appearance the difference of its inner structure from that of the human eye. The difference 
becomes much clearer if we carefully cut an eye in half. The faceted surface of the eye is made 
of the same chitin which forms the exoskeleton of the insect’s body. As an outward projection 
it corresponds with the cornea of our own eyes. Directly attached to each facet of this cornea is 
a crystal-clear, cone shaped body, the crystalline cone. This cone collects all the rays of light 
which come into its field of vision and passes them on to the retinal rods, which together form 
the retina. Each facet with its attached cone and relevant retinae is called an optic cone or 
ommatidium. Now the bee’s eye is made up of many thousands of ommatidia, which are 
packed together tightly and which, even more important, have their axes slightly inclined 
towards each other, so that no two of them point in exactly the same direction. Each of these 
little cones, like an arm in a dark sleeve is surrounded by a black mantle which is 

                                                
27 These abbreviations originate from the cell types they subsequently project to in the Lateral Geniculate 
Nucleus: parvocellular or magnocellular, respectively. Aspects of the Lateral Geniculate Nucleus and other 
details of the visual pathway are very briefly summarised in Section 2.4. 
28 The P and M cells are also referred to as X and Y cells [Kingsley 2000] or B and A cells [Livingstone and 
Hubel 1987], respectively. 
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impervious to light. 
Within the visual field of such an eye, let us imagine one single luminous point, sending 

out light-rays in all directions, some of which are bound to strike the eye’s surface. Only in 
the one ommalidium that points directly towards the light source will the light-rays, 
progressing in a straight line, have any chance to pass the whole length of the tube so as to 
reach the retinal rod. All the rest of the ommatidia being set at a slightly oblique angle, 
absorb the light-rays in their black mantles before they can reach the light-sensitive retina.’   

 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
Figure 2.12: The complex structure of the human retina. The incoming light enters this 
structure from the top of the illustration and must pass through various layers before 
impinging on the rods and cones. Somewhat surprisingly, these point away from the 
direction in which the light arrives. (Adapted from Gray [1918].) 

 
Consider a pulsating light source. The critical flicker frequency (CFF) denotes the minimum 
frequency at which the light source must pulsate in order that a continuous (steady-state) light 
output is discerned (see Section 2.7). This frequency may be as low as 15Hz but depends on a 
number of factors including the spectral characteristics of the source, its distance from the 
observer and its radiance. However, a bee’s visual system exhibits a significantly greater CFF 
– and in this connection Karl von Frisch writes: 
 

‘…this method is, of course, used in films; single pictures on the strip follow each other so 
rapidly in each second that our eyes see uninterrupted movement. We do not notice that in 
actual fact there is darkness between each fraction of a second, during which time the 
movement is carried on from one picture to the next. It there were a cinema in the bee state, 
the apparatus could not work in the same way. The bees would have to see two hundred single 
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pictures in every second if they were not to complain of flickering. Bees’ eyes can take in ten 
times as many single impressions as our eyes during the same period. This is very useful when 
it comes to seeing a succession of objects or rapid movements which take place under their eyes 
when in flight.’ 

 
He goes on to add: 
 

‘What they cannot see in space is made up for by their appreciation of movement in time. 
Therefore it is understandable that they pay less attention to immobile shapes and forms than 
to movement within their field of vision, though they are specially adapted to appreciate rich 
patterns of light and colour.’ 
 

2.3.3 Eye Movements and Saccades 
The eyes are in continual motion. If this were not the case our visual function would simply 
fail, for as Carpenter [1991] writes: 
 

‘A subject whose eyes and head are stationary is to all intents and purposes blind to 
static objects in the outside world, for their images are stabilised on the retina, and the 
lack of the element of temporal change they need in order to be perceived. ’ 

 
He goes on to write: 
 

‘Under natural conditions, the eye is moving all the time, and its velocity radically 
determines the apparently spatial transfer properties of the visual system. More precisely, 
movement of an image across the retina transforms a spatial pattern into a 
spatiotemporal one, and different velocities favour the perception of different aspects of the 
spatial character of the image. So when psychophysicists claim to measure the spatial 
properties of the visual system with their thin lines and sinusoidal gratings they are 
actually doing nothing of the kind, unless - as is not often the case - they have first taken 
the precaution of preventing this image motion from generating temporal components f rom 
their spatial patterns.’ 

 
Four major types of eye movement are briefly summarised below. The execution of everyday 
activities involves a combination of these movements: 
 
1. Microsaccades (Tremors): Even when vision is fixed constantly on a point of interest, 
our eyes move several times per second by small, rapid tremors or microsaccades about the 
average point of fixation. This movement serves to ‘refresh’ the retinal image. This is because 
the retinal cells are tuned to respond to temporal changes in signal intensity and rapidly 
saturate in the presence of a constant stimulus [Dember 1960]. The direction of these 
movements is random and they are typically 1-2 minutes of arc in amplitude.29 As mentioned 
above, if these motions are artificially compensated for by, for example, an apparatus fixed to 
the eyeball that provides an unchanged image despite eye movement, the retinal image 
appears to fade and disappear. 
 
 
 
 

                                                
29 Angles are measured in the familiar units of radians or degrees, but finer gradations can also be quoted in arc 
minutes (minutes of arc) or arc seconds (seconds of arc). By definition, one arc minute (1 arc min., or 1´) is 1/60th 
of a degree, and one arc second (1 arc sec., or 1˝) is 1/60th of an arc minute. 
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Figure 2.13: In (a), a ‘receptive field’ integrates several inputs into a single output. 
The outputs of many sensory receptors are integrated via subsequent cell layers into 
summary outputs. (b) In both the retina, and visual cortex, ‘centre-surround’ receptive 
fields are found. If light falling on the centre of the receptive field generates an 
increased output, then it will have an inhibitory effect on the surrounding region (‘on-
centre’ field). Alternatively, the opposite situation may occur (‘off-centre’ field). 

 
2. Saccades: When exploring a visual scene our eyes do not move smoothly, but continually 
alternate between short fixations and rapid movements between features in the scene. 
Thus areas that are of interest to the visual system are sequentially mapped onto the 
fovea where, as we have seen, acuity is highest.  

These movements are known as saccades (from the French ‘saccader’: to ‘jerk’ or 
‘twitch’)30 and can range from a few arc minutes to 20° or more in amplitude. They 
occur rapidly, with maximum eye velocities on the order of 600°s -1 [Carpenter 1988, 
Becker 1991]. This ensures that their duration is kept short and so actual viewing time 

is maximised (for example, 5 and 40 movements occupy ~30ms and ~100ms 
respectively [Robinson 1964]). Both saccades and microsaccades are ‘ballistic’ motions 
- the destination is known before the movement is initiated, and the muscles are 
employed to move the eye to the new orientation as rapidly as possible.  The path 
followed by a sequence of saccades varies according to the content of the scene and 
the nature of the information that is sought. Figures 2.14 and 2.15 provide examples 
of the path followed by the point of regard when examining images. Here, the 
saccades are visible as the lines connecting the points of fixation, which appear as 
dots. Saccades are also used to stabilise the visual image in the presence of head or  body 
motion. Visual signals31 are suppressed during these eye movements; we never notice 
‘smearing’ of our visual environment due to saccadic motion. In this respect Tatler 
and Wade [2003] write: 

 
‘During saccades we are effectively blind owing to limitations of photoreceptor response time and 
to active suppression of the visual pathways during these eye movements…’ 

 
In the 1960’s Alfred Luk’yanovich Yarbus32 (Iarbus) carried out extensive research into 
eye movements. In Russia in 1965 he published the book ‘Eye Movements and Vision’ 
which describes his work (the English language version was prepared by Basil Haigh 
[Yarbus 1967]).33 The photographs presented in Figures 2.14 and 2.15 are reproduced 

                                                
30 It appears that Louis-Emile Javal (1839-1909) was perhaps the first to apply this term to eye movements (see 
Wade [2003]). 
31 Specifically, signals from the M cells (most sensitive to temporal changes) but not from the P cells (more 
sensitive to spatial detail) are suppressed during saccades [Tovee 1996].  
32Alfred Luk’yanovich Yarbus (1914-1986). 
33 In connection with eye movements this is one of the most widely cited books [Wade et al. 2010]… 
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from this book. With considerable difficulty and great ingenuity, Yarbus devised 
apparatus able to measure and record eye movements (Figure 2.16). Essential to his 
approach was a miniature ‘cap’ that was fixed to the surface of the eye (it being he ld in 
place by suction). During the observation process, the observer’s head was held in a 
fixed position and to prevent blinking (which would have dislodged the suction ‘cap’), 
the eyelid was secured. The purpose of the suction cap was to attach a tiny mirror to 
the eye - light reflected from this being used to record eye movements.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 
 
 
 
 

(a)              (b) 

 
Figure 2.14: The path followed by the eyes of one subject when examining the face in 
image (a) is shown in (b). It can be seen that this motion comprises periods of fixation 
on different parts of the image (seen as dots or kinks in the lines) interspersed with 
jumps (saccades) from one point to the next (indicated by the connecting lines). Notice 
that the eyes and lips are frequently surveyed. (Reproduced from Yarbus [1967].) 

 
More recently, researchers at Rochester Institute of Technology have re-examined the 
results reported by Yarbus [DeAngelus and Pelz 2009]. Their work has been greatly 
facilitated through the use of today’s head and eye-tracking technologies (specifically 
an Applied Science Laboratories Series 501 video-based eyetracker and a Polhemus 3-
Space Fastrak magnetic head-tracking system) – see Figure 2.17. By combining 
information derived from these two sources , a ‘gaze in space’ vector can  be computed. 
The point at which this vector intersects a large thin panel display screen (on which 
images under observation are depicted) determines the observer’s point of fixation. In 
general, the results obtained confirm Yarbus’ earlier findings - eye movement patterns 
are scene and task dependent (i.e. vary according to the nature of the scene and the 
information that is to be extracted (e.g. the clothing worn by people or the positions 
of objects in a scene)).  
 

                                                                                                                                             
…Unfortunately, in recent years it has been rather difficult to purchase copies of this work. However, the book 
can now be freely downloaded via the Internet. However, the author has no information as to the 
legitimacy/copyright status of this Internet version. 

 



Chapter Two  •   Perception: Vision                                                                                                              55 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.15: In (a) a record of eye movements obtained by Yarbus during the 
free examination of this smiling face. Note that as with previous illustration, the 
eyes repeatedly return to the girl’s eyes and lips. In (b) a woman’s fi xations as 
she looks at a suited man are recorded. The order of eye movements are 
indicated numerically. Analysis of eye movements for a group of 98 women 
indicated that ~32% of the total time was devoted to fixations on the face. The 
main secondary area of interest was the collar and tie (~22% of the avai lable 
time). (Image (a) reproduced from Yarbus [1967]. Original photograph by S. 
Fridlyand, ‘Girl from the Volga’, published in ‘Ogonek’, No. 23 (1959). Image (b) 
courtesy of Munn [1966].) 

 
In discussing his findings, Yarbus writes: 
 

‘Records of eye movements show that the observer’s attention is usually held only by 
certain elements in the picture. …the study of these elements shows that they give 
information allowing the meaning of the picture to be obtained. Eye movements reflect 
the human thought processes; so the observer’s thought may be followed to some extent 
from records of eye movements (the thought accompanying the examination of the 
particular object). It is easy to determine from these records which elements attract the 
observer’s eye (and, consequently, his thought), in what order, and how often…  

When looking at a human face, an observer usually pays most attention to the 
eyes, the lips, and the nose. The other parts of the face are given much more cursory 
consideration. Looking at the record in… [Figure 2.14], we see that in this portrait 
attention is drawn almost exclusively to the girl’s beautiful expressive eyes….The 
human eyes and lips (and the eyes and mouth of an animal) are the most mobil e and 
expressive elements of the face. The eyes and lips can tell an observer the mood of a 

 

 

(a) 

(b) 
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person and his attitude towards the observer, the steps he may take next moment, and 
so on. It is therefore absolutely natural and understandable that the eyes and lips 
attract the attention more than any other part of the human face. ’ 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

 
 

 
 
 
Figure 2.16: In the 1960’s Yarbus did not have access to computer-based head and eye-
tracking technologies. In the left-hand illustration the observer’s eyelids are fixed in an 
open position. Right-hand images show the general form of the apparatus employed by 
Yarbus. The head was held in a fixed position and eye movements were monitored via 
light reflected by a mirror attached to the surface of the eye using a rubber ‘cap’. 
(Reproduced from Yarbus [1967].) 

 
In literature relating to saccades, the work of Yarbus is invariably cited, whereas 
earlier, similar work undertaken by Guy Buswell in the 1930’s [Buswell 1935] is 
sometimes overlooked. Buswell’s research focused primarily on exploring human 
perception and attention while viewing works of art. He distinguishes between visual 
content inherent in the image (e.g. subject matter, use of colour, etc.) and 
characteristics of the observer. In this latter respect, he raises several important issues 
– which include the impact of experience in studying artworks on perception patterns 
(as described by eye movements), differences in perception patterns demonstrated by 
children and adults, and the impact of culture (for example, he considers Oriental and 
Western people studying a Japanese picture). Naturally, one could pose a seemingly 
endless list of issues such as these in relation to this fascinating area of study. 
 Buswell measured eye movements using an optical system wh ich reflected light 
from the cornea. He describes this as follows: 
 

‘The method of securing a record of eye movements consists in photographing a beam of 
light from a six-volt ribbon-filament lamp reflected first to the cornea of the eye from 
silvered glass mirrors and then from the cornea to a second set of mirrors, through a 
camera lens and a set of wedge prisms to a moving kinetoscope film. By means of the 
prisms back of each lens the beam of light from the eye is split into two beams, one of 
which is directed to a horizontally moving film and the other to a vertically moving 
film. In this way the movements of the same eye are recorded on both films. The 

 

http://www.informaworld.com.ezproxy.aut.ac.nz/ampp/image?path=/713683696/910542239/pvis_a_379554_o_f0003g.jpeg
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direction of the pencil of light reflected from the cornea is changed with each movement 
of the eye. As the subject looks at a picture a photograph is made which records the 
movements of the eye in a sharply focused line upon the two films. By means of a fan 
blade driven by a synchronous motor, the beam of light is interrupted thirty times per 
second between the lens and the film in such a manner that on the film the line of light 
appears as a series of dots, each dot representing one -thirtieth of a second of time. By 
counting the number of dots in each fixation pause it is possible to determine with 
precision exactly how long a person looked at each position in the picture. ’ [Buswell 
1935] 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
Figure 2.17: Researchers at Rochester Institute of Technology repeat Yarbus’ 
experiments. Here, they make use of an Applied Science Laboratories Series 
501 video-based eye-tracker and a Polhemus 3-Space Fastrak magnetic head-
tracking system. (Reproduced from ‘Visual Cognition’, 17, Issue 6&7, August 
2009.) 
 

Interest and research into saccades considerably pre-dates Buswell’s work and is 
reviewed in Wade et al. [2003]. He discusses pioneering work in the area by Wells 
[1792] who examined ballistic eye movements that occur when the body rapidly 
rotates, and which become evident when rotation ceases. With some ingenuity, Wells 
devised a technique in which he first created a retinal afterimage (by gazing steadily at 
a candle flame). He then rapidly rotated his body thereby creating ‘visual vertigo’ and 
as soon as he stopped rotating, he aligned the afterimage with a mark on a large sheet 
of paper. He observed that the afterimage slowly moved away from this mark and 
then rapidly returned to the aligned position. This motion continued for a little time, 
the movements gradually decreasing in amplitude. Naturally, since the afterimage is 
stabilised on the retina, these oscillations provide a measure of eye movements, in this 

 

http://www.informaworld.com.ezproxy.aut.ac.nz/ampp/image?path=/713683696/910542239/pvis_a_379554_o_f0004g.jpeg
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case a slow drift followed by a saccadic return.34 Wells noted the dissimilarity in the 
two motions, the drift being readily apparent whereas only the result of the rapid 
return was evident. This early observation confirms current understanding (mentioned 
previously) concerning the suppression of aspects of the visual field during saccadic 
movements.  

Since that time a great amount of research has been carried out in studying saccades and it 
is appropriate to include a brief, but eloquent, description of eye movements by Alexander 
Crum Brown35 (who is also mentioned in the Appendix to this book in connection with the 
Chimenti pictures and the origins of the stereoscopic image depiction techniques (see also 
Section 6.3)). He writes: 

 
‘We fancy that we can move our eyes uniformly, that by a continuous motion like that of a 
telescope we can move our eyes along the sky-line in the landscape or the cornice of a room, but 
we are wrong in this. However determinedly we try to do so, what actually happens is, that our 
eyes move like the seconds hand of a watch, a jerk and a little pause, another jerk and so on; 
only our eyes are not so regular, the jerks are sometimes of greater, sometimes of less, angular 
amount, and the pauses vary in duration, although, unless we make an effort, they are always 
short. During the jerks we practically do not see at all, so that we have before us not a moving 
panorama, but a series of fixed pictures of the same fixed things, which succeed one another 
rapidly.’ (Brown [1895] quoted in Wade [2003]). 

 
3. Pursuit Eye Movements: When tracking a moving object rather than examining a static 
one, the eye moves by smooth ‘pursuit movements’. This allows the region of fixation to 
remain in the fovea. In contrast to saccades these are not ballistic movements and are 
continually updated by feedback to the oculomotor muscles. The maximum target velocity 
that can be tracked is approximately 30° s-1 [Tovee 1996]. 
 
4. Vergence: As objects situated at different distances from the viewer are regarded, 
vergence eye movements are employed to ensure that the visual axes of both eyes intersect at 
the feature of interest and that its image is cast onto the fovea of each eye. For distant points 
of fixation, the visual axes are essentially parallel whereas for closer objects the eyes converge 
(swivel inward) to maintain singleness of vision. 
 

It is interesting to consider the role played by rapid eye movements in human 
communication. For example, when in direct conversation, do we make use of our 
subconscious perception of a person ’s saccadic eye movements? Does this provide us 
with an insight into their thought processes – and hence into their character? 
Unfortunately, as with others topics referred to in this book, space precludes discussion.  

For further general reading (and also in relation to issues concerning gaze in 
general), here are some exemplar publications that the author has particularly enjoyed 
reading: Wade et al. [2003], Wismeijer et al. [2010], Tatler and Wade [2003], Tatler et al. 
[2010], Carpenter [1991], Bulling et al. [2009], Calvo [2004], Friesen [1998], Cline 
[1967], Antes [1974], Kellerman [1989], Babcock [2002,] and Kleinke [1986]. 36 

                                                
34 These movements are now known as ‘nystagmus’. 
35 Alexander Crum Brown was a professor of chemistry at the University of Edinburgh and retired in 1908. The 
following comment appears in his obituary notice: ‘Had he possessed a spark of worldly ambition his name would occupy a 
more prominent position in the history of science than today it does, for in actual achievement he is worthy to rank with Joseph 
Black, his great  predecessor in the Edinburgh Chair.’ (Walker [1923], quoted in Tatler and Wade [2003]).  
36 The publication by Enoch [2000] discusses the history of lenses (with the earliest known lenses dating back 
~4,600 years). Of particular interest are the lens structures constructed by the ancient Egyptians. These took the 
form of eyes and were inserted into some funerary statues. Such ‘eyes’ have the disconcerting optical property of 
seeming to change their direction of gaze to follow the movements of the observer. See also Enoch [1998]. 
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2.3.4 The Detection of Colour 
As previously mentioned, the human eye can discriminate differences in the wavelength of 
incident light by means of three classes of the cone photoreceptor in the retina (recall Figure 
2.9). Such a trichromatic theory of colour vision was, it seems, first proposed by Thomas 
Young in 1802. In Young’s theory, three classes of ‘nerve fibres’ in the retina are sensitive to 
light of long, middle, or short wavelengths (within the visible range), and these give a 
corresponding sensation of red, green, or violet light. Other colours are then perceived by 
neural combinations of these primary sensations. Later in the nineteenth century, Helmholtz 
extended and generalised Young’s ideas to incorporate response profiles of each class of 
nerve fibre (the response of the photoreceptor varying smoothly as a function of wavelength). 
Each class was then understood to be maximally sensitive to a particular wavelength, but also 
responded to light of other frequencies. 

In general, at least two classes of photoreceptor, each with a different response profile, are 
required in order to discriminate wavelength independently of intensity - the greater the 
number of classes, the better the wavelength discrimination. Within the animal kingdom, 
there is some variation in the number of cone classes; for example, non-primate mammals 
have two, old-world primates (including humans) have three,37 new-world primates have four, 
and birds such as the pigeon have five [Tovee 1996]. The spectral response profiles of the 
three classes of cones in the human eye (indicated in Figure 2.9) are not evenly spaced across 
the visible region of the spectrum – the two most responsive in the medium/long wavelength 
range having a high degree of mutual overlap. Although colour discrimination might be 
improved by a more complementary distribution of these response profiles, this overlap 
improves the spatial resolution of the response to surfaces reflecting in the red-green region, 
as there is less chromatic dispersion between the profiles - a sharp image is obtained at 
middle/long wavelengths. In fact, all primates have a single cone class responding maximally 
at ~420-440nm (blue) and two or three additional cone classes with peak responses in the 
red-green range (~500-570nm) [Tovee 1996]. Other dichromatic (two colour) mammals - 
such as dogs - have a single response class in the red-green region and another in the blue, 
effectively providing blue-yellow colour discrimination [Neitz et al. 2001]. 

Although our individual cone photoreceptors respond to the wavelength of incident light 
according to one of three response profiles our sensation of colours as such is thought to be 
mediated by a subsequent ‘opponent process’ combination of cone outputs. First proposed 
by Ewald Hering in 1920, the outputs from each of the cone classes are combined according 
to one of the three schemes illustrated in Figure 2.18 [Schiffman 1990, Tovee 1996]. In the 
achromatic channel, signals from each class are combined additively to generate a response 
dependent on the overall intensity of the incident light. Colour discrimination per se is 
accomplished by the red-green and the yellow-blue channels. The output of the red-green 
channel depends on the difference between the responses of the red and green cone classes, 
whereas that of the yellow-blue channel signals the difference between the blue response and 
the combination of red and green outputs (i.e. yellow). 

 
 
 
 
 

 

                                                
37 Interestingly, the spatial distributions in the retina of the two red-green cone classes seems to vary con-
siderably between individuals (who otherwise report normal colour vision) [Roorda and Williams 1999]. 
Moreover, the human retina seems to have a small (~100µm) area in the centre of the fovea in which no blue 
cones are present! [Roorda and Williams 1999, Bumsted and Hendrikson 1999]. 
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Figure 2.18: It is thought that our colour perception, which is mediated initially by 
the three classes of cone photoreceptor in the retina, proceeds thereafter by 
‘opponent processes’, in which each red (R), green (G), or blue (B) signal is 
combined additively or differentially to give rise to different colour perceptions. 
Three channels are believed to be part of this process - an achromatic channel, in 
which all signals are combined additively, and two others that give sensations of red 
versus green and yellow versus blue. (Adapted from Tovee [1996].) 

 
The retinal ganglion P cells (see Section 2.3.2) are thought to integrate cone outputs for both 
red-green and yellow-blue channels. However, it is known that our visual system is more 
sensitive to sharp intensity changes than sharp colour changes, and so it is likely that P cells 
are also involved in conveying high spatial detail. If both centre and surround regions of a P 
cell receptive field are stimulated, a differential colour response will be generated (for 
example, a ‘red’ centre signal minus a ‘green’ surround signal) at a spatial resolution roughly 
dictated by the size of the entire receptive field. However, if only the centre receives input, 
the response indicates finer spatial detail but colour differentiation is lost [Kandel et al. 2000]. 
 
2.4 BEYOND THE EYE 

‘Now all sweet things are sweeter grown, 
Full ripe are lavender and thyme; 

The hive-bees cling and whirr and drone 
In rapt battalions through the lime.’38 

 
The optic nerve proceeding from each eye contains approximately one million projections 
that carry the output of the retinal ganglion cells into the brain. This bundle of axons is 

                                                
38 ‘July’, Anon. 
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approximately 3-4mm in diameter, at least immediately after leaving the eye [Beatty et al. 1998, 
Karim et al. 2004]. The two optic nerves initially converge at the optic chiasma, where those 
fibres from the medial half of each retina cross over to the contralateral hemisphere to join 
the fibres originating in the temporal half of the other eye.  

 

 

 

 

 
 
 
Combining signals from each eye allows binocular information to be extracted. 
Although the signals corresponding to each half of the visual field are routed to 
different hemispheres, no vertical division is apparent in our final perception of the 
scene. After the intersection at the optic chiasma the pathways diverge again and project 
to three main subcortical brain structures (each present in both hemispheres), namely 
the Lateral Geniculate Nucleus (LGN) of the thalamus, which acts as a sub-terminal for 
signals subsequently routed into the visual cortex, and the superior colliculus and the  
pretectal area, which are involved in reflex actions and oculomuscular responses.  

In the following pages, we provide a very brief discussion on the transmission and 
processing of the retinal image data after leaving the eye. This is simply intended to give the 
reader an insight into aspects of our comprehension of the mechanisms involved in this 
highly complex sensory system of which we still understand very little. 
 
 

2.4.1 The Lateral Geniculate Nucleus 

‘… I do not sit down at my desk to put into verse something that is already clear in my mind.  
If it were clear in my mind, I should have no incentive or need to write about it. 

 We do not write in order to be understood;  
we write in order to understand.’39 

 

The basic pathways of the visual signals that originate in the retina are summarised in Figure 
2.19. In the early part of this pathway, through the optic nerves, ~90% of the retinal output 
projects to the LGN. Of this ~50% originates near the fovea, reflecting the high density of 
ganglion cells in this part of the eye and capturing the fine spatial detail corresponding to 
maximal spatial acuity (recall Figure 2.10). Each neuron in the LGN receives input from a 
small number of neighbouring ganglion cells in the retina, thus maintaining the retinotopic40 
map of the visual image. The LGN operates on the visual signals in a similar way to the 
retina, responding to differences in local contrast or colour via centre-surround receptive 
fields, each covering about 1° of the visual field [Kandel et al. 2000]. The LGN sends its 
output to the primary visual cortex41 (V1), located at the back of the brain. 
 
 
 
 
 

                                                
39 Attributed to Robert Cecil Day-Lewis (1904-1972). 
40 The term ‘retinotopic’ means that the spatial distribution of the signals retains a topographic relationship with 
those from the retina. That is, neighbouring regions of the retina are represented by neighbouring regions in the 
retinotopic map. 
41 The V1 or ‘visual area 1’ is also known as the striate cortex. Hence, visual areas 2-5 (V2-V5) are sometimes 
referred to extrastriate areas. 

In this way, the optical pathway in each hemisphere of the brain thereafter 
contains information from both eyes, relating to the opposite half of the 
visual field. 
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Figure 2.19: Simplified illustration of the main visual pathways from the retina. Some 
90% of the approximately one million axons in each optic nerve project to the LGN, 
and from there into the visual cortex. The arrangements of cells in the retina and 
LGN are both optimised to respond to local differences in contrast within the visual 
image. In the visual cortex, the image begins to be reduced into more abstract 
features, such as object boundaries and motion along specific directions. 

 
2.4.2 Reflex Feedback 

‘The iris is a peculiar exception ... the nerves which make the iris expand  
come out from no-one knows exactly where, go down into the spinal cord back of the chest, 

 into the thoracic sections, out of the spinal cord, up through the neck ganglia, 
 and all the way around and back up into the head in order to run the other end of the iris. 

 In fact, the signal goes through a completely different nervous system, 
 so it’s a very strange way of making things go.’42 

 

The majority of the axons in the optic nerve that do not project to the LGN are routed to the 
superior colliculus and pretectal areas – these being regions involved in reflex and oculo-
muscular responses to visual stimuli [Tovee 1996, Kandel et al. 2000]. The superior colliculus 
controls visual fixation (that is, maintaining the gaze on a feature of interest) and saccades, by 
feedback to the oculomotor muscles. In addition to the retinal input received by way of the 
optic nerve it also receives projections from the primary visual cortex and other cortical areas, 
including those involved in auditory and somatosensory perception [King 2004]. It is thought 
that these inputs are involved in the execution of rapid changes in fixation in response to 
visual and/or non-visual stimuli, as well as by conscious direction. The pretectal area mediates 
pupillary reflexes (changing the pupil size in response to changes in illumination). 

                                                
42 Richard Feynman et al. [1963]. 
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2.4.3 The Primary Visual Cortex (V1) 
In the primary visual cortex, cells begin to respond to more complex features of the visual 
input, and it is thought that this begins a process of reducing the retinal images into more 
abstract features. Information delineating the boundaries of objects begins to be extracted by 
means of receptive fields sensitive to short line segments of specific orientations (including 
colour boundaries), as well as to the motion of line segments in particular directions. In 
addition, certain cells are tuned to particular spatial frequencies and others respond to 
differences in binocular disparity. The processing of the visual signals in the V1 nevertheless 
remains spatially localised, inputs from the LGN, covering a small portion of the visual field, 
are directed to a corresponding localised region in the V1. These functional units, sometimes 
known as hypercolumns as they involve all layers ‘vertically’ through the primary visual 
cortex, can process the visual input from both eyes originating in corresponding regions of 
the visual field [Kingsley 2000]. Although the retinotopic layout of the V1 functional units 
retains the topography of the visual field, the spatial distribution of neurons in the V1 is 
distorted relative to the retinal image, with greater cortical volume being occupied by signals 
originating near the fovea [Howard and Rogers 1995, Kandel et al. 2000]. Perhaps this is 
because while in the retina the photoreceptor and ganglion cells need to be physically closer 
together at the fovea to sample incident light with greater resolution, in the cortex this 
requirement can be relaxed and the cells more evenly spaced.  

A ‘magnification factor’, typically defined as the distance along the cortex receiving inputs 
responding to 1° of the visual field, is often used to summarise the relative cortical weight 
dedicated to different parts of the retinal image. For example, this factor has been estimated 
at 11.5mm per degree for the fovea, compared with 4mm per degree at 2° eccentricity 
[Howard and Rogers 1995]. 

Although the fundamental organisation of the V1 may be considered to be an array of 
modular functional units, there are also horizontal connections between related cells - for 
example, between cells in neighbouring functional units responding to line segments of the 
same orientation [Kandel et al. 2000]. These connections may play a role in modulating local 
responses to more global features in the image, such as object boundaries. 

 
2.4.4 The Dorsal and Ventral Pathways 

Most of the output from the V1 is directed into the neighbouring V2 region, but with 
information related to different features of the visual input, such as orientation, colour, and 
binocular disparity, now following different, specialised pathways [Livingstone and Hubel 
1987]. Whereas in the V1 the matrix of functional regions reflects the spatial localisation of 
the retinal image, in the V2 different parameters derived from the retinal image begin to be 
processed independently. Moreover, as we proceed along the visual pathways, the receptive 
fields become larger and respond to more global features of the visual scene. 

One current paradigm describing visual perception beyond the V2 area describes two 
main parallel processing streams, known as the dorsal and ventral pathways (see Figure 2.20). 
The dorsal pathway is thought to be primarily responsible for the perception of motion and 
spatial relationships within the visual scene, whereas the ventral pathway mainly deals with 
contrast, contours, and colour. A simplified view is that the dorsal pathway discerns where 
objects are positioned, while the ventral pathway determines what the objects are [Tovee 1996, 
Kandel et al. 2000]. 

The dorsal pathway proceeds into the parietal lobes through the V2 and MT43 (or V5) 
regions. As in the V1, cells in the MT also respond to directional motion but with 
significantly larger receptive fields. Here, the motion of both luminance boundaries and of 

                                                
43 MT is an abbreviation for the ‘mediotemporal’ (or middle temporal) area. This region is also referred to as V5. 
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edges defined by differences in colour or texture are detected. Beyond the MT, visual 
information is processed in the posterior parietal cortex and subsequently interacts with 
information from other sensory channels and stored memories in ‘association areas’ 
elsewhere in the brain, which serve to integrate the input from these different sources to 
somehow provide a coherent final perception. The posterior parietal cortex is also involved in 
the planning of movement (in connection with saccadic eye motion), and in the orientation of 
the eyes and head relative to the scene in the visual field. The dorsal pathway is thus likely to 
be involved in the processing related to reach and grasp together with compensating between 
shifts in the visual field and those of the body [Sakata et al. 1997]. 

 
 

 

 
 

 

 

 
 

 

 
 

 

 
 

 

 

 
 

 

 
 

 

 

 
 
Figure 2.20: The main visual channel proceeds from the LGN into the primary 
visual cortex, from where derived parameters are extracted from the information. A 
simplified view of this visual processing is that it occurs via two main parallel 
pathways. These are termed dorsal and ventral pathways. In this model, the former 
may be considered to be responsible for deciding where an object is located and the 
latter for determining the nature of the object. 

 
The ventral pathway proceeds outward via the V2 and the V4 into the inferior temporal lobe 
of the brain. Visual areas 2 and 4 seem to refine the responses to colour and form obtained in 
the V1. Cells in the V2 respond to contours in the visual scene and to particular orientations, 
and in the V4 responses to particular textures have been identified [Kandel et al. 2000]. The 
shading conveyed by variations in intensity and colour can provide valuable information as to 
the form of objects inside identified edges, as light reflected from the surface of an object is 
rarely uniform. The combination of colour and edge information that is processed in the 
ventral pathway has led to this channel being considered as an important part of our 
perception of form. As we move from the V2 to the V4, the receptive fields become larger 
than earlier in the pathway, and so the response to input signals becomes less dependent on 
the position of the stimulus within the visual field (positional information being primarily 
handled by the parallel dorsal pathway). Subsequent processing in the inferior temporal cortex 
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has been shown to be related to higher level shape recognition, including anthropomorphic 
shapes such as the face from different orientations, different facial expressions, hands, and 
individual fingers [Schiffman 1990, Tovee 1996, Kandel et al. 2000]. 
 
2.4.5 The M and P Pathways 

‘After a certain high level of technical skill is achieved,  
science and art tend to coalesce in aesthetics, plasticity, and form. 

The greatest scientists are always artists as well.’44 
 
In Section 2.3.2, we noted that most retinal ganglion cells providing the signals that proceed 
into the brain via the optic nerve are of either M or P type and have quite different sensitivity 
profiles. These cell types provide input into two important processing channels within the 
visual system. In fact, the outputs from these two cell types remain distinct in the LGN and 
into the visual cortex, and there is evidence that they encapsulate from an early stage two 
complementary channels of information that feed eventually into the dorsal and ventral 
pathways [Livingstone and Hubel 1987, Tovee 1996, Kingsley 2000]. 

The signals originating in the parvocellular cells constitute the ‘P channel’ and those from 
the magnocellular cells the ‘M channel’. In the retina, the M cells have relatively large 
receptive fields and respond best to temporal changes in illumination, whereas the P cells are 
wavelength (colour) selective and report finer spatial detail. In the visual cortex, cells receiving 
input from the P channel have a relatively high spatial frequency response and respond to 
colour and disparity, whereas those associated with the M channel respond to high temporal 
frequencies but have a relatively low spatial frequency response. This colour and orientation 
information in the P channel continues into the V4 along the ventral pathway, while the 
orientation and motion features in the M channel are predominantly routed into the MT 
along the dorsal pathway [Tovee 1996]. 

However, these pathways do not proceed in isolation from each other or from other visual 
and cognitive processing areas and, for example, attention can modulate signals between 
them [Livingstone and Hubel 1987, Vidyasagar 1999, Kandel et al. 2000]. 
 

2.4.6 Detection of Binocular Disparity 
Binocular disparity (stereopsis) is a powerful depth cue that is satisfied by various types of 
creative 3D display system. Differences (disparities) in the views obtained by the two eyes as a 
consequence of their spatial separation provide an indication of the 3D nature of a scene (see 
Section 2.6.3). Cells that respond to specific amounts of disparity have been identified in a 
number of the visual processing areas of the brain, including the V1, V2, V3, and MT. 
Evidence relating these responses to stereo depth perception is emerging [Howard and 
Rogers 1995, DeAngelis et al. 1998, DeAngelis 2000]. About half the cells in the V1 are 
disparity responsive, and these are mainly tuned to particular local disparities, responding 
most strongly when corresponding elements of the visual field occur at particular offsets in 
retinotopic location. These responses thus correspond to particular depths behind or in front 
of the current fixation distance. Subsequent visual processing areas along the dorsal pathway 
contain increasing proportions of cells that respond to disparity. These cells are typically 
sensitive to either crossed (features closer than the horopter - see Section 6.4.1), uncrossed 
(features further away), or zero disparity. Further along this pathway, it has been shown that 
the MT region contains a map of disparity as a function of location in the visual field 
[DeAngelis 2000], and this information is combined with signals related to motion. In the 
MT, many direction-sensitive cells are tuned to stimuli at particular distances. In the medial 
superior temporal area, which follows the MT in the dorsal pathway, cells have been shown 

                                                
44Attributed to Albert Einstein (1879-1955). 
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to respond to particular combinations of disparity and motion, such as a stimulus beyond the 
horopter moving to the left, or one closer than the horopter moving to the right. This 
corresponds to information related to motion at different depths in the visual field [Kandel et 
al. 2000], providing an interesting neurobiological connection to the depth cue of motion 
parallax. 
 

2.5 SOME VISUAL CHARACTERISTICS 

‘To attain certain knowledge,  
or to view the world even for one moment in the way a bee sees it,  

must remain unfulfilled wishes for the inquisitive naturalist.’45 

 

In this section we provide a brief review of various visual characteristics – primarily focusing 
on issues that are of particular relevance to those interested in creative 3D display 
technologies. 
 

2.5.1 The Visual Field 
The proportion of the environment in view at any one time is governed by our visual field. 
The angular limits of visual input are approximately 155° horizontally by 130° vertically for 
each eye. With both eyes, the total horizontal field of view extends to approximately 180°. 
The central area of overlap in the visual fields spans about 120° horizontally and is known as 
the ‘binocular visual field’ (see Figure 2.21). Both eyes receive input from image components 
lying in this region and hence binocular information is available (see Sections 2.6.3 and 6.4). 
The distance between the eyes is referred to as the interocular distance and for adults is on 
average 6.3cm [Dodgson 2004]. 
 

2.5.2 Spatial Resolution 
It is convenient to encapsulate the size of an object and its distance from the eye in a single 

angular measure (). In Figure 2.22, we illustrate an object lying at a distance s from the eye 
and which has a length x perpendicular to the visual axis. From the illustration, it is apparent 
that:  
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Thus: 
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In Table 2.1, we provide values of the approximate visual angle for various objects located at 
different viewing distances. From Figure 2.22 and on the basis of similar triangles, it is 
apparent that the ratio of the object size (x) to the size of the retinal image (y) may be 
expressed as: 
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45 Karl von Frisch (1886-1982). 
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Figure 2.21: Illustrating the visual field. The region of overlap (not shaded) in the 
visual fields of our two eyes is the area of binocular vision. As is apparent from this 
illustration, binocular parallax (stereopsis) is not supported across the entire visual field. 
(After Gibson 1950.) 

 
Where u indicates the distance between lens and retina (approximately 2cm). Immediately 
apparent is that in many situations the retinal image is extremely small. Take for example the 
bug slowly crawling on the wall behind my computer. It is approximately 4mm in length, and 
the wall is at a distance of approximately 2m, which gives a retinal image that is only 
~0.04mm in length. (Indeed the strand of a cobweb is clearly visible at a distance of ~1.5m – 
despite the minute size of the retinal image.) 
 

 

Object Approximate Visual Angle () 

Television (40cm wide, at 4m) 3 

Coin (e.g. 1 euro or 1 pound) at arm’s length 1 

Laptop computer display (30cm wide, at 60cm) 14 

Diameter of the Moon 17 

Size of the blind spot 7.5 vertical, 5 horizontal 

 
Table 2.1: Examples of visual angles 

 

The spatial characteristics of the visual system are determined not only by the nature of the 
visual stimulus but also by factors such as viewing distance, direction relative to the visual 
axis, and by the level of illumination. Consequently, when we consider our ability to resolve 
spatial detail and particularly when we make use of numerical values in this context, we must 
carefully define the particular viewing conditions under which such values were obtained. 
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Figure 2.22: An object of length x located at a distance s from the eye casts an inverted 
image of length y onto the retina. See text for discussion. 

 
Measurements made in the context of resolution are referred to as ‘acuities’. These provide us 
with information on our capabilities of perceiving high spatial frequencies (fine detail) under 
high contrast conditions, and their measurement is relatively straightforward. Unfortunately 
they do not provide an insight into the visual system’s performance when lower spatial 
frequencies are viewed under low contrast circumstances [Boff et al. 1986]. However, from 
the perspective of display system development, acuity measurements can be useful and we 
summarise several of these below: 
 

1. Resolution (Grating) Acuity: This provides a measure of our ability to detect the 
separation of objects in space and corresponds to resolving discrete elements in a pattern. It 
may be measured by, for example, varying the distance between two or more black bars 
drawn on a white background. Such a pattern is referred to as a grating – two examples are 
illustrated in Figure 2.23. In the case of the pattern shown in Figure 2.23(a), the reflected light 
intensity continuously varies across the grating, and this is known as a sinusoidal grating. 
However, in the case of the grating presented in Figure 2.23(b), the intensity exists in one of 
two levels - there is no intermediate greyscale. This is referred to as a square-wave grating. 
The contrast ratio introduced in Section 2.2.2 is determined in terms of the maximum and 
minimum levels of luminance. 

The minimum line spacing in a grating that can be detected is ~31˝, corresponding to a 
separation of ~0.15mm at a distance of 1m. As with other acuities, resolution acuity depends 
on viewing conditions. 
 
2. Detection Acuity: Consider an isolated object located in the visual field lying normal to 
the visual axis. Detection acuity measures the smallest visual angle subtended by the object 
that we can perceive. As indicated by Coren et al. [1994], an observer with normal vision can 
easily perceive 1´, which corresponds to ~0.3mm at a distance of 1m. Based on this visual 
angle, and assuming a distance along the visual axis between the centre of the lens and the 
retina of 20mm, then the image size cast onto the retina will be approximately 0.006mm. Boff 
et al. [1986], quoting from the work of Hecht and Mintz [1939], consider the detection of a 
single dark line whose length subtends several degrees at the eye and that is superimposed on a 
bright background (i.e. optimal conditions). In this experiment, to determine the minimum 
line thickness that can be detected, and hence the highest acuity, they report a remarkable 
value of approximately 0.5˝. In connection with this, the original publication by Hecht and 
Mintz is well worth reading. In their experiment, an observer was seated in a dark room. The 
distance of the chair from an illuminated ‘window’ could be varied and readily measured. 

Lens 

/2 
x y 

s u 

Retinal image Object 

Optical axis 
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Wires of various thicknesses were used and affixed across the window at any chosen 
orientation. During the trials, the observer would move toward the window until the wire 
could just be discerned. Having the observer report on the wire’s orientation gave 
confirmation of the observation. Naturally, before the observations commenced, the observer 
was given time to adapt to the lighting conditions. Trials were conducted for wires of varying 
thickness and at different levels of illumination (here the authors stress the importance of 
uniform illumination). Maximum acuity occurred under the highest level of illumination and 
gave rise to a detectable retinal image of 0.04µm - less than the diameter of individual cones 
(assuming that the retinal image is a perfect rendition of the geometrical image - which is not 
the case (recall Section 2.2.3)). Even in this situation of maximum detection acuity, the retinal 
image will span more than one row of cones, and Hecht and Mintz calculated the extent of 
the image as a consequence of diffraction. In this context, they confirm the earlier assertion 
of Hartridge [1922] that: 

 
 ‘…the maximum resolving power of the eye is determined by its capacity for intensity 
discrimination ....’ 

 
 

 

 

 

 

 

 

 

 

 

 

 
                                          (a)                                  (b) 
 

Figure 2.23: Illustrating two gratings. In (a), the greyscale continually (and regularly) 
varies across the grating, and hence, this is known as a sinusoidal grating. However, in 
(b), only two greyscale levels exist, and so this is referred to as a square-wave grating. 

 

3.  Localisation or Vernier Acuity: Consider two line segments laid end-to-end. This acuity 
measures our ability to detect any relative misalignment perpendicular to their common axis. 

Maximum resolution for this type of task is reported to be in the range 1 to 2 [Boff et al. 
1986]. Because of its application to the reading of a Vernier scale associated with, for 
example, traditional callipers or micrometers, this is often referred to as ‘Vernier acuity’.  
 
4.  Dynamic Acuity: Another related measure is that of ‘dynamic acuity’, which pertains to 
detecting and locating moving targets. The human visual limit of dynamic acuity has been 

reported as being about 1-2 for objects moving at 60° s-1 [Schiffman 1990]. 
 

As indicated, visual acuity is a function of the position of the image on the retina. The relative 
acuity falls off rapidly as the stimulus occurs in more peripheral locations of the retina (see 
Figure 2.24). Acuity is strongly governed by the distribution of cones in the retina which, as 
we have seen, are concentrated in the fovea. The rods, which are of greater density beyond 
the fovea, have poorer spatial response and so cannot fully compensate. 
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Figure 2.24: The relative visual acuity of the eye, as a function of angular distance 
from the fovea. (The gap at ~17° nasal from the fovea represents the blind spot). This 
dependence is governed strongly by the distribution of cones versus that of rods in the 
retina (recall Figure 2.10) and the receptive fields in the ganglion cell layer. (Source: 
Wertheim, E., ‘Uber die Durchfuhrbarkeit an den Werth der mikroskopischen Untersuchung des 
Eiters entziindlicher Adnexentumoren weihrend der Laparotomie’, (1894).) 

 
2.5.3 Sensitivity and the Impact of Spatial Frequency  

‘It seems profane to be so free with these few precious quanta’46 

 

On a dark starlit night the flux of photons arriving at the Earth’s surface is 
approximately 1012m-2s-1. This does not however represent the minimum threshold for 
human vision, which is approximately two orders of magnitude lower still.  

In the early 1940’s, Hecht et al. [1942] sought to determine the minimum level of 
illumination (or rather the smallest number of photons) that could be detected by the human 
eye. Whilst we have previously alluded to various remarkable characteristics of the eye and of 
the visual system as a whole (such as the great range of intensity over which it can operate, 
and the high resolution of the fovea), perhaps more amazing still is the eye’s sensitivity to 
very small numbers of photons. Hecht et al. identified optimal conditions for their 
experiment. They employed a brief flash of light (lasting in the order of 1ms) impinging on 

the retina in the region of greatest rod density (about 20 from the visual axis) and of a 
wavelength optimal to rod sensitivity (510nm). Participants were first adapted to dark con-
ditions (over a period of one hour) before being subjected to the test flashes of light. In this 
way they identified the minimum number of photons needed in order that the participants 
could detect flashes. The threshold obtained ranged from 54 to 148 quanta, and it was shown 
that should a mere 90 photons enter the eye, then the flash was observed 60% of the time 
(under optimal conditions). Although remarkable in itself the result is even more impressive 
when one takes into account the loss of photons during their transit through the eye. It is 
estimated that approximately only 50% of the light entering the eye reaches the retina (some 
being reflected by the cornea, and some lost within the lens and humours). Furthermore, not 
every photon reaching the retina will impinge upon a rod. Taking into account these factors 
and the spread of the light flash across the retinal array, it became apparent to Hecht and his 
colleagues that a rod is able to respond to a single photon. However, as a consequence of 

                                                
46 Hecht et al. [1942] - written in the context of the loss of photons during propagation through the eye. 
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noise, a single photon impinging on a rod does not give rise to a visual event. Cameron et al. 
[1999] briefly discuss ‘retinal noise’ caused by occasional background firing of photoreceptors 
in the absence of luminous stimuli. Assuming that each rod generates a random action 
potential every five minutes, the total amount of noise emanating from the entire 
photoreceptor array over the duration of the brief light flashes employed by Hecht et al. is 
indeed significant. As a consequence, although rods can detect individual photons, a small 
number of rods must be stimulated simultaneously in order to provide a visual event [Osgood 
1953]. 

Our perception of the intensity contrast within an image is dependent upon its spatial 
frequency content. In Figure 2.25 we illustrate two gratings with the same physical contrast 
ratio (recall Eq. (2.2)), but different spatial frequencies. Grating (b) appears to have a lower 
contrast ratio and takes on a grey appearance. This indicates that in the case of this grating, 
the eye is less able to process the spatial pattern. The ‘spatial modulation transfer function’ is 
used to provide a measure of a system’s ability to capture and decode a spatial pattern. In the 
case of the human visual system, this transfer function has a maximum when the spatial 
pattern repeats itself approximately six times for each degree subtended at the eye. Above or 
below this frequency the eye is less sensitive, and to maintain spatial acuity, we may need to 
increase the contrast ratio of an image. 
 

 

 

 

 
 

 

 

 

 

 

 
Figure 2.25: Illustrating two square-wave gratings. Despite the use of identical 
greyscales, the right-hand grating is perceived as having a lower contrast ratio. This is 
caused by the reduced spacing (increased spatial frequency) of the grating lines.  

 

2.6 PERCEPTION OF SPACE AND FORM 
‘There they stand, the innumerable stars, 

 shining in order like a living hymn, written in light.’47 

 

When viewing our surroundings we continually gauge the distance of components located 
within the visual field – specifically their absolute distance from the viewpoint, and their 
relative distance with respect to each other. This process is underpinned by various types of 
information obtained by the visual system from cues to depth that are inherently associated 
with an image scene. Although the task is greatly facilitated by our binocular vision this is 
certainly not an absolute requirement - the majority of depth cues are monocular. 

Cues to depth may be grouped in several ways. In the text that follows we adopt one of 
the most widely used approaches – as summarised in Figure 2.26. Here, the set of cues which 
place no reliance on binocular vision and that are employed when mapping a 3D space onto a 
static 2D medium are classified as ‘pictorial’ depth cues. Other cues contained within an 
image scene cause the visual system to trigger muscular action – specifically changes in the 
horizontal orientation of the eyes’ visual axes (convergence) and in the shape of the crystalline 
lenses – thereby modifying the focal length of the eyes (accommodation). These are classified 
as ‘oculomotor’ cues. The powerful cue of stereopsis (binocular parallax) operates on the 

                                                
47 Attributed to N.P. Williams (1883-1943).  
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basis of spatial disparities in the retinal images presented to the eyes. In contrast, motion 
parallax relies on temporal disparities that occur when there is relative motion between the 
eyes and image scene. Both cues are therefore underpinned by disparities and are 
consequently grouped together as ‘parallax’ depth cues. However, it is important to note that 
in the case of the oculomotor cues, convergence is a binocular cue whereas accommodation 
is monocular. Similarly, stereopsis is reliant on our binocular vision for the detection of 
spatial disparities whereas motion parallax detects such disparities over time and is essentially 
a monocular cue.    

When viewing our surroundings, the visual system is usually presented with a plurality of 
cues to depth and uses them in combination and in a highly synergistic manner. Furthermore, 
the relative emphasis that we place on these cues varies according to the nature of the scene 
under observation.48  

Depth cues operate over greater or lesser distances – with, for example, accommodation 
and convergence only providing useful information in the near field. In contrast binocular 
and motion parallax are able to operate over several hundred metres. Aerial perspective and 
familiar size can provide useful information at even greater distances. However, gradually as 
distance increases, the number of useful cues falls. The night sky provides an extreme 
example – when we gaze at the stars, we have no information concerning their relative 
positions within a 3D space – our view is entirely two-dimensional.    

 

 

 
 
 

 

 
 

 

 

 
 

 

 
 

 

 
 

 

 

 
 

 

 
 

 
 
Figure 2.26: A simple classification scheme for a range of depth cues. Note that 
convergence and binocular parallax both rely on binocular vision – all other cues are 
monocular. 

 

 

                                                
48 For related discussion on depth perception (and depth illusions) see, for example, Gregory [1977]. 
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2.6.1 Pictorial Depth Cues 
As mentioned above, pictorial depth cues are those indications of depth that may be used in 
depicting a 3D scene on a static 2D surface. As discussed further in Chapter 4 a mastery of 
these cues has enabled artists to enhance the visual realism of their works and create, for 
example, photorealistic images upon a 2D tableau (mapping 3D perspective space into its 2D 
rendition). A number of pictorial depth cues are briefly summarised below: 
 
1. Occlusion (Interposition): An example of this cue is presented in Figure 2.27. Here we 
assume that one opaque rectangle is partially occluding our view of a second rectangle, and so 
is closer to the viewpoint. If we believe that the rectangles are physically the same size, then 
our supposition will be reinforced if the partially occluded rectangle appears to be smaller - as 
indeed it does in the illustration. In this respect, we are also making use of the ‘linear 
perspective’ cue. 
 
2.   Shading: The distribution of smooth or abrupt changes in intensity within an image can 
provide a powerful indication of the shape of the surface of an object (see Figure 2.28). This 
often involves an implicit assumption about the location of the light source which is causing 
the shading - brightness variations being usually interpreted by the visual system on the basis 
that the light is incident from above [Ramachandran 1988]. 
 
3.   Height in the Visual Field: When, for example, we look out to sea, the sky and water 
merge at the horizon (see Figure 2.29). It is in fact as if the water ascends and the sky 
descends until they eventually meet. Consequently we assume that objects that are further 
away and that are located below the horizon (for example, boats in the water) will appear 
higher in the image scene (i.e., closer to the horizon). Similarly, objects located above the 
horizon (for example, clouds) will be perceived as being further away if they are seen as lying 
lower in the visual field (i.e. again closer to the horizon). 

 

 

 

 

 

 

 

 

 

 
           (a)             (b) 

 
Figure 2.27: In (a) we provide a simple illustration that demonstrates the occlusion 
depth cue. We assume that Shape 1 is in fact rectangular and not as illustrated in (b). 
Consequently, Shape 2 is assumed to be occluding our view of Shape 1, and the latter 
is therefore judged to be further away. If we presume that both rectangles are 
physically of the same size, then the fact that Shape 1 generates a smaller retinal image 
will reinforce our interpretation of the scene. In (a) the illusion of three-dimensionality 
is further supported by a third depth cue that is also present; height in the visual field. 

 
4.   Linear Perspective: This cue arises as a consequence of the optical arrangement within 
the eye as illustrated in Figure 2.30. As may be seen from this diagram, when an object is 
repositioned so as to be further away it casts a smaller retinal image. The convergence of 
railway lines in the distance (to a vanishing point) and the gradual apparent shortening of the 
separation of the sleepers lying between them provide the classic illustration of this cue (recall 
Figure 1.14 and also see illustrations presented in Chapter 4). 
 

Shape 1 

Shape 2 
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Figure 2.28: We generally assume that the source of illumination is from above (as 
judged relative to the orientation of the head). Here, the use of shading creates domed 

regions – both into and out of the page. Rotation of the diagram through 180 causes a 

reversal of the orientation of each domed region – whereas rotation through 90 results 
in instability (the shading is no longer consistent with the assumption of overhead 
illumination). 

 
5. Aerial Perspective: Consider looking toward distant mountains on a fine sunny morning. 
It is likely that they will take on a slightly bluish hue. This is caused by the scattering of light 
by small particles in the atmosphere (such as water vapour) whose size is smaller than (or 
approximates to) the wavelength of light. When a beam of light impinges on such particles 
they radiate the light in all directions and it is because of this phenomenon that the sky is blue 
(this is also the reason for the bluish tinge of tobacco smoke). The process is referred to as 
Rayleigh scattering (being researched by Lord Rayleigh in around 1870). The degree 

(intensity) of scattering (I) is strongly dependent on wavelength () and is given by: 

,
1

4
I      (2.9) 

 
indicating that as the wavelength decreases the extent of scattering increases with rapidity. 
Thus, blue light is scattered strongly and is therefore diffused throughout the atmosphere. 
Additionally, larger dust particles within the atmosphere will tend to impede the passage of 
light, which makes more distant objects less distinct. Consequently, when objects take on a 
blue hue and appear less distinct we judge them to lie at a greater distance (see Figure 2.31).49 
 
6.  Texture Gradient: A textured surface, be it a repeating pattern or, more generally, 
variations in intensity or colour with a certain dominant length scale, provides another cue to 
depth. The regular elements in the texture appear largest in the retinal  image for parts of 
the surface closest to the observer and decrease gradually in size for parts of the surface 
further away. Thus, the texture provides a continuous indication of the relative depth (and 
hence slant or orientation) of the surface on which it lies [Dember 1960]. 
 

                                                
49 During the lunar expeditions, astronauts experienced difficulty in judging the distance of landscape 
features. This was as a result of the complete lack of atmosphere and hence the absence of the aerial 
perspective depth cue. 
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Figure 2.29: In this tranquil painting, the artist conveys distance by adopting rich and 
natural colours. He also makes sound use of the ‘height in the visual field’ cue to depth. 
(‘Mondgang-am-Meer’ (‘Moonrise Over the Sea’) by Caspar David Friedrich (1774-1840)). 
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Figure 2.30: In (a) an object O located at a distance x1 from the eye gives rise to a 
retinal image of height h1. However, as indicated in (b), when the object is brought 
closer to the eye a larger retinal image is formed. The dependence of the size of the 
retinal image on the distance of an object from the eye gives rise to linear perspective. 
The use of this cue in painting is discussed in Chapter 4. 

 
7.  Familiar Size: The anticipated size of familiar objects within a scene can provide a 
strong indication of object distance. Indeed, as indicated in Section 2.6.4, the anticipated size 
of objects can provide an absolute indication of their distance and hence help to ‘calibrate’ 
the depths of features within a scene. 

 
2.6.2 Oculomotor Cues 

Information relating to the physiological control of our eyes – that is, maintenance of a 
focused retinal image and the alignment of the optical axis of each eye on the point of 
fixation - is also available to assist in the determination of depth and distance.50  
 
1. Accommodation: In order to focus on the current fixation point, exertions of the ciliary 
muscle alter the shape of the lens of the eye and so modify its focal length. The magnitude of 
the tension applied to these muscles can be used to provide a cue to the depth of the object 
under scrutiny. Moreover, when an object of interest is in focus on the retina other features 
of the scene (closer or further away) will be out of focus.51 The depth range that is in-focus is 
referred to as the ‘depth of field’.  

In principle, accommodation is able to provide depth information in the near field (i.e. for 
objects lying within several metres of an observer). However, the accuracy of accommodation 
as a cue to depth is uncertain. For example, Kunnapas [1968] found that distance estimates 
from accommodation alone were quite inaccurate, even for stimuli located some 1-2m from 
the observer. 
 

2. Convergence (Vergence): In order that both eyes centre their gaze on the same feature 
of interest, the eyes are swivelled inward so that ‘corresponding points’ are aligned in the 
retinal images [Howard and Rogers 1995]. The brain is able to make use of the muscular 
forces exerted on the eyes to obtain depth information. Convergence is most effective as a 
cue to depth for nearby objects. 
 

                                                
50 For general discussion see Fincham and Walton [1957]. 
51 Volumetric 3D display systems (see Section 9.2) generally give rise to translucent images. However, the 
absence of the occlusion depth cue is ameliorated by accommodation. 
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Figure 2.31: Rangitoto Island in the Hauraki Gulf. Here, aerial perspective assists in 
separating foreground and background (because of its greater distance, light from the 
now extinct volcano is subjected to a greater degree of scattering than light emanating 
from the closer ridge).  

 

2.6.3 Parallax Cues 
Differences between the retinal images seen separated in space (i.e. by each of our two eyes) 
or in time (successive images of a changing scene) provide ‘parallax’ information. 
 
1. Binocular Parallax (Stereopsis): Each of our eyes sees a slightly different view on a 3D 
scene. This is because they are situated at different spatial positions, and is clearly 
demonstrated by alternately closing first one eye and then the other while looking straight 
ahead. The processes of convergence and accommodation ensure that the area of fixation is 
cast (in focus) onto corresponding points of the fovea in each eye. The positions of other 
more or less distant features of the scene in the retinal images are offset by different amounts 
in each eye. This disparity between ‘corresponding points’ in the two images provides a 
powerful sensation of depth.52 Interestingly, the visual system is capable of deriving such 
stereoscopic depth information independently of monocular cues. This phenomenon has 
been popularised in random dot autostereograms (see Section 6.4.2) which are widely 
available as posters, postcards, and the like.  
 
2. Motion Parallax, Motion Perspective, and the Kinetic Depth Effect: Although 
stereopsis makes use of disparities in the retinal images originating from the different spatial 
viewpoints of the two eyes, parallax information is also available from temporal changes in 
either the scene or the viewer’s position. Coherent changes in the relative motion of different 
features in a 3D scene can provide a strong sensation of depth even within a monocular 
image. Motion parallax arises due to relative motion between the observer and the image 
scene. The related effect of ‘motion perspective’ refers to gradients in depth conveyed by 
continuous changes in motion of a large number of features distributed in space (for example, 
raindrops near the viewer appear to fall more quickly than those further away [Drascic and 
Milgram 1996]). In fact, motion perspective is in some ways the temporal analogue of the 
texture gradient depth cue discussed previously. Coherent relative motion of features within 
the scene gives rise to the ‘kinetic depth effect’ [Dember 1960]. This is often used to enhance 

                                                
52 For discussion on the deterioration of stereoacuity with age, see, for example, Zaroff et al. [2003]. 
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the visualisation of 3D data sets on standard computer graphics monitors, by rotating or 
oscillating the data set about a vertical axis. As with stereopsis, in the absence of monocular 
image cues, the kinetic depth effect can provide a sensation of depth and shape by, for 
example, the coherent motion of particular dots in a seemingly random pattern. 
 

2.6.4 Absolute and Relative Depth Perception 
Although most cues considered in isolation provide only relative or ordinal depth 
information, prior knowledge or familiarity on the part of the observer can resolve 
ambiguities and provide a good approximation to absolute distance.53 
 

 

 
 

 
Occlusion also only provides information about relative (ordinal) differences in depth – that 
is, whether one object is closer than another. However, when combined with the viewer’s 
experience and familiarity (with geometric and surface qualities) of the objects under 
observation (size being an important attribute in this regard [Künnapas 1968]), we are 
generally able to subconsciously gauge with accuracy absolute distances. In fact, it has been 
shown that assumptions about the size of a familiar object can in themselves dictate perceived 
distance [Schiffman 1990]. 

In principle, convergence provides information on the absolute distance of the point of 
fixation – see Figure 2.32. This is achieved by triangulation – with the interocular distance (I) 
providing the baseline. From the illustration, it is apparent that: 
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Where /2 is referred to as the convergence angle. Thus using the small angle approximation 

,2/2/tan    and taking the derivative with respect to the distance of the point of 

fixation yields: 
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   (2.11) 

 
Thus as the distance of the point of fixation is increased, the accuracy of the triangulation 
process quickly falls. Indeed when the point of fixation is at 2m, the angle of convergence is 

less than 1 - and at 6m, has fallen to ~0.3. At this distance, and from the perspective of the 
triangulation process, we can assume that the visual axes of the eyes are, to all intents and 
purposes, parallel. 
  

2.6.5 Consistency and Conflict Between Depth Cues 
Although often considered individually, in natural vision depth cues rarely operate in isolation 
and our perception of a 3D scene is augmented by a combination of information from several 
sensory sources, and by means of both our prior experience and expectation. The relative 
importance of the different depth cues and the emphasis we place on them depends on the 

                                                
53 Oculomotor cues can potentially yield absolute distance directly for very near objects (see, for example, 
Viguier et al. [2001]), but the precise nature of the depth information provided by these cues has yet to be 
unequivocally determined [Cutting 1997]. 

 

Binocular parallax provides information solely on depth relative to the current 
point of fixation. 
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nature of the scene under observation. Display systems up to the present satisfy only a subset 
of all available depth cues. Accordingly, the consequences and impact of the missing cues 
depend on the nature of the visualisation task for which the system is designed, and 
consideration of this is important in obtaining a good match between the visual system, the 
display device, and the application. Certainly, the presence or absence of a particular depth 
cue is not in itself an indication of a ‘good’ or ‘bad’ display. 

Nevertheless, as a general rule, it is useful to consider the consistency between the depth 
information imparted via the different depth cues in a visualisation system. In some cases, 
this can involve depth cues that are not explicitly controlled by the system, but arise as a 
consequence of the way in which the display device is implemented. An example of this arises 
in some stereoscopic systems when the eyes focus on the display screen, but converge at 
different depths according to the binocular parallax information conveyed. Thus, 
accommodation and convergence become decoupled - and this is in contrast to our natural 
experience. The issue of ‘accommodation/convergence’ breakdown is outlined later in this 
work.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Figure 2.32: In principle, convergence can provide information on the absolute 
distance of the point of fixation. Here, the interocular distance defines the length of the 
baseline employed in the triangulation process. Note that accuracy rapidly decreases 
with distance and that beyond several metres, convergence is unlikely to be able to 
supply useful absolute depth information. 

 
Such rivalry between different depth cues can have a range of consequences. For example, it 
can result in the suppression of the information from the ‘weaker’ cue, cause unstable 
alternation between the different interpretations of the inconsistent depth information, and 
even lead to a situation, in which an intermediate depth is perceived [Drascic and Milgram 
1996]. In interactive applications, the accuracy with which a task can be performed may be 
adversely affected in conflict situations. The decoupling of accommodation and convergence 
mentioned above has been suggested to be a factor in eye fatigue or headaches that have been 
reported when viewing immersive virtual environments [Mon-Williams et al. 1993, Wann et al. 
1995]. However, both the symptoms and the likely causes of so-called ‘simulator sickness’ are 
varied and may be due to a number of sensory conflicts (such as image update lag after user 
motion) and comfort issues beyond depth cue conflict per se [Costello 1997, Peli 1998, Cobb 
et al. 1999].  

Even in the absence of depth cue conflict, it is impossible for any 3D display technology 
to fully mimic the visual attributes of the physical world. Consequently, there will always be 

x 

/2  /2 

Interocular distance (I) 

Point of fixation 



80    3D Displays and Spatial Interaction                 Barry G Blundell 

 

mismatch between the attributes of a synthetic, electronically generated, image and the 
everyday experience of the human visual system. In short, a display technology will always 
cause some level of stress to the visual system. In the case that a display is to be used 
infrequently and for only short periods of time, such visual stress may be of little 
consequence. Even in the case that systems are to be used for longer periods of time, we may 
tolerate a certain level of visual discomfort, and offset this against the enhanced visualisation 
and interaction opportunities offered by the technology. 

 
 
 
 
 
 

Any adaptation process should be considered to be bi-directional – occurring both when the 
viewer enters into, and emerges from, a display experience. Adaptation may occur quickly - or 
otherwise. I well recall a recent intensive period during which I was involved in viewing large 
numbers of random dot autostereograms (see Section 6.4.2). For some days thereafter, when 
walking along roads or when viewing other similarly textured surfaces, my visual system 
continually (and automatically) sought to extrude three-dimensionality from the random 
nature of the surface texture. Consequently, even the smoothest of roads appeared to 
comprise numerous localised and often fleeting shallow undulations… This disconcerting 
effect gradually faded.   

In immersive virtual reality (IVR) applications where a synthetic world is presented to 
participants, it is important to recognise problems that can occur. Deviations from natural or 
expected appearances, relationships, and context of objects can impair understanding and 
perception. Some applications may involve a synthetic world in which natural behaviours or 
relationships are altered. Although the human brain can adapt to such situations, the more 
severe the disruption of natural behaviours the longer this process may take. Experiments 
performed by George Stratton [1896,1897] provide a classic example. Stratton immersed 
himself in an inverted world by blindfolding one eye and affixing to his other a tube 
containing lenses. This apparatus provided him with a view of his surroundings that was not 
only upside-down, but that also was laterally inverted (left became right and vice versa).54 
Stratton performed two key experiments. In the first, he wore the apparatus for a total of 21.5 
hours over a period of 3 days [Stratton 1896], and in the second (5 months later) for a total of 
87 hours over 8 days [Stratton 1897]. In each experiment, the apparatus was worn throughout 
the day with the eyes being blindfolded at night, thus effectively providing a continual period 
of inverted vision. Naturally he was disoriented at the beginning of the experiments as the 
visual scene, especially in respect of its relationship with his body, seemed incongruous. 
However, Stratton reports that early in the second experiment, individual objects began to 
take on an appearance of normality - although his perception of their spatial relationships 
remained inaccurate:  

 
‘I sat for some time watching a blazing open fire, without seeing that one of the logs had 
rolled far out on the hearth and was filling the room with smoke. Not until I caught the 
odour of the smoke, and cast about for the cause, did I notice what had occurred.’ 55  
[Stratton 1897, p. 345] 

 
In time he gradually adapted to the new visual input and was able to interact more naturally 
with his environment. Indeed, this ‘new’ input gradually took precedence over the ‘old’ 

                                                
54 Additionally, his field of view was limited to 45.   
55 Recorded by Stratton on the first day of his second experiment. 

Certainly, we cannot afford to underestimate the complexity and sensitivity of the 
human visual system and simply assume that it will automatically (and benignly) 
adapt to the characteristics of a 3D display paradigm. 
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(remembered) visual characteristics, as experience with the combination of the new visual and 
other ‘normal’ sensory inputs accumulated. Writing on the sixth day of his second 
experiment, he indicates: 
 

‘Movements of the head or of the body, which shifted the field of view, seemed now to be in 
keeping with the visual changes thus produced; the motion seemed to be toward that side on 
which objects entered the visual field, and not toward the opposite side, as the pre-
experimental representation of the movement would have required.’ [Stratton 1897, p. 
358] 

 
In the 1950’s and 1960’s, Ivo Kohler performed numerous experiments in which optical 
devices were used to provide various forms of visual rearrangement. It was found that given 
long enough exposure to the altered stimuli (sometimes several weeks), participants were able 
to adapt almost completely In respect of lateral image inversion, Kohler reports that 
participants gradually became proficient in reading, skiing and bicycling (see, for example, 
Kohler [1962, 1964]). 
    Although these experiments represent rather extreme examples (but essentially focus only 
on geometric inversions), they serve to emphasise the key principles of being consistent in the 
rules followed by objects in the synthetic world and allowing time for adaptation, especially at 
first exposure. As exposures become more frequent (and experience of the new situation is 
accumulated) adaptation on re-exposure may become easier – or otherwise. Kohler [1962] 
writes: 
 

‘We conclude, therefore, that sense organs are not rigid machines but living and variable 
systems, the functioning of which is itself subject to variation. If a sensory system is exposed to a 
new and prolonged stimulus situation that departs from the one normally experienced, the 
system can be expected to undergo a fundamental change in its normal mode of operation.’ 

 
2.6.6 The Perception of Form 

When we view our surroundings, the retinal images generally comprise a complex collection 
of colours, shapes, and shadows.  How, we may ask are we able to subconsciously distinguish 
certain parts of such patterns and consider them distinct from the remainder? That is to say, 
how are individual objects (the ‘figures’) perceived as well defined and separate from the 
remainder (the ‘ground’)? This process is commonly referred to as ‘figure-ground 
differentiation’. The ‘figure’ is normally the object of current attention, both physiologically 
and mentally. One might suppose that figure-ground differentiation involves the experience 
of the user – that is by the recognition of familiar objects. However, it has been reported that 
those whose first visual experience occurs as adults (e.g. following cataract removal), display 
figure-ground differentiation prior to discrimination and identification of figures [von Senden 
1960]. This is consistent with emerging evidence suggesting object boundary identification in 
the visual cortex (recall Section 2.4). 

Ambiguity in figure-ground relationships is at the heart of many well-known visual 
illusions in which the figure and the ground can be alternated. Such illusions are specially 
constructed and are much simpler than the 3D scenes of typical everyday experience. 
Nevertheless they illustrate certain principles underlying the perception of figure versus 
ground. That which is perceived as figure, or foreground, is more easily perceived as a ‘thing’ 
per se, than is the background. Of course, in natural situations, we rarely need to interpret a 
single visual ‘snapshot’ and other senses such as touch, smell, or hearing often augment visual 
information. 
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2.6.7 The Gestalt Theory of Visual Perception 
As indicated above, how and why we perceive certain groups of features in the visual scene as 
a unified whole distinct from the remainder of the image, represents a fundamental aspect of 
our visual perception. For example, a coffee cup, chair, table, or person is each perceived as 
such whatever their distance and orientation, in the presence of partial occlusion by other 
objects, and over considerable differences in ambient illumination. A key requirement of a 
theory of vision is therefore to explain how the 2D retinal projections received by the eyes are 
transformed into a stable object-based perception of the contents of the visual scene. 

An important step forward in understanding the way in which our visual system 
distinguishes figure from ground is the Gestalt psychological theory of visual perception, 
originating with the work of Wertheimer, Koffka, and Kohler in Germany in the 1920’s 
[Schiffman 1990, Kandel et al. 2000].56 A key thrust of Gestalt theory was that the final 
perception could not be explained by a simple cumulative build-up of ‘atomic’ local 
phenomena, such as edges or directions. Rather, the fundamental units of perception were 
themselves held to be precepts comprising ‘non-local’ features in the retinal images. This 
approach was somewhat counter to the prevailing scientific tendency of the time, which was 
one of reductionism. Just as chemistry and physics were being successfully explained in terms 
of basic atomic building blocks, so in the psychology of perception it was anticipated that the 
final result, or precept, was arrived at by a simple hierarchical progression from local visual 
features [Schiffman 1990].  

The Gestalt school identified a number of ‘holistic’ principles explaining the basis on 
which different parts of the visual scene are perceived as belonging together [Dember 1960, 
Schiffman 1990, Tovee 1996]. Several of the Gestalt rules are briefly summarised below: 

 
1. Similarity: The brain tends to associate features in a scene whose visual characteristics 
are similar to one another. This is illustrated in Figures 2.33 (b) and (c) - where a uniform 
array of rectangles is perceived as comprising several rows/columns. In this scenario, the 
rectangles are grouped according to colour. 
 
2. Physical Proximity: Those features perceived as being physically close together tend to 
be associated with one another. In Figure 2.33(d), the array of rectangles tends to be 
perceived as a set of vertical columns. This is because the horizontal spacing is greater than 
the vertical spacing. 
 
3. Common Fate: The brain tends to group together features of the visual scene that are 
moving in a similar way, especially in the same direction. This reflects the situation of the 
motion of a solid body. 
 
4. Good Continuation: Features that seem to follow a straight line or simple curve are 
perceived as defining a boundary. The identification of object boundaries is an important 
aspect of figure/ground separation – see, for example, Figure 2.34.  
 
5. Closure: Contours or boundaries that are almost closed tend to be mentally completed by 
the observer. This is also a useful feature in separating figure from ground, particularly in the 
presence of partial occlusion or a cluttered visual scene. 
 

A further, overarching Gestalt principle that is often cited is known as the ‘Law of Praganz’. 
This can be summarised as a general tendency to perceive the simplest interpretation of the 
retinal images received. It can be seen that the above principles embody this idea. Although 

                                                
56 ‘Gestalt’ loosely translated from the German - ‘form’ or ‘shape’. 
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illusory contours and contrast had also been described in the late nineteenth century by Mach 
and Hering [Spillman and Dresp 1995], the Gestalt principles provided a coherent framework 
in which perceived features in visual illusions or diagrams could be explained. 
 
 

 

 
 

 

 

 
(a)           (b)                       (c) 

 

 

 
 

 

 

 
 

 

 
 
Figure 2.33: Variations in the layout of a 2D array of shapes can serve to illustrate 
the Gestalt grouping principles of proximity and similarity. When an equally spaced 
grid of identical shapes is viewed, no particular organisation into rows or columns is 
perceived – as in (a). However, if the colour of alternate columns is changed 
(without changing the horizontal spacing) the dominant perceived organisation is 
one of columns - see (b). In (c) the dominant perceived organisation is one of rows. 
These effects are explained by the principle of similarity. Finally, if the horizontal 
spacing is increased without changing colours, a collection of columns is perceived – 
as indicated in (d). 

 

The speed and content of visual perception can also be affected by the viewer’s attention, by 
practice, and by familiarity with scene content. As we noted in Section 2.4, there appear to be 
at least two major visual ‘processing streams’ within the brain (with interaction and exchange 
of information occurring between them). The current paradigm of visual processing is that it 
is performed in a distributed fashion and involves modulatory input from many brain areas 
beyond the basic visual pathways [Kandel et al. 2000, Kapadia et al. 2000]. The role of 
‘familiarity’ of features in the observed scene is sometimes cited as another Gestalt principle 
[Tovee 1996]. As discussed earlier in this section familiar objects or patterns (or a collection 
of features that suggest a pattern) are recognised and perceived as a single entity. This 
illustrates the role of other brain structures involving memory and association, in visual 
perception. 

As previously discussed in Section 2.4, the brain areas involved in the basic visual 
pathways contain increasingly large receptive fields as the pathways progress from the V1 
along the dorsal and ventral pathways, responding to larger areas of the visual field. Evidence 
is also emerging that global features of the retinal image are extracted at a very early stage in 
visual processing - in the primary visual cortex. For example, the V1 neurons respond to 
scene content over regions much larger than that covered by individual receptive fields in a 
manner consistent with the Gestalt principles of closure and good continuation [Kovacs 
1996, Kapadia et al. 2000]. Kovacs and Julesz [1993] also showed that contours are more 
easily perceived from discrete features if they followed smooth paths, such as lines or circles 
as opposed to curves containing acute corners or sharp kinks. The perception of such closed 

(d) 



84    3D Displays and Spatial Interaction                 Barry G Blundell 

 

contours also enables an early separation of figure from ground [Kovacs 1996] and can 
enhance the visual detection of features enclosed within the figure area [Kovacs and Julesz 
1993,1994].57  
 
 
 
 
 
 
 
 
 
 
 

         (a)         (b) 

 
Figure 2.34: In (a) a central triangular figure is clearly visible, despite only a small 
fraction of its boundary being suggested by the cut-outs in the circles. Interestingly, 
the triangle is usually perceived as being brighter than the white background, although, 
in reality, there is no contrast or colour difference between the two. In (b) a square is 
clearly indicated. 

 
2.6.8 The Pulfrich Effect 

‘What I give form to in daylight 
is only one per cent of what I have seen in darkness.’58 

 
The ‘Pulfrich effect’ is a most entertaining visual illusion and can be used, for example, to 
allow content from conventional TV programmes to exhibit a degree of three-dimensionality. 
To observe the effect, it is necessary to place a dark (neutral density) filter over one eye – 
whilst leaving the other eye uncovered.59 In its classic form, the Pulfrich effect is 
demonstrated by observing a pendulum that is swinging from side to side. When viewed with 
the neutral density filter arrangement, the pendulum is perceived as no longer moving in a 
plane – but rather appears to trace out a horizontal ellipse. Carl Pulfrich60 described this effect 
in 1922. His explanation was based upon the fact that the visual system responds more 
rapidly to higher levels of retinal illuminance. The darkened filter placed in front of one eye 
creates an imbalance in the amount of light entering the eyes:  
 

‘Thus the signals about the object’s position are relayed to the visual cortex with a temporal 
offset’ [Howard and Rogers 2002].  
 

Attenuating the brightness of the input to one eye means that this eye provides a slightly 
delayed view of, for example, the pendulum in comparison to the other (see also MacDonald 
[1978]). The corresponding disparity in the views in each eye is interpreted as indicating 
depth, and the pendulum appears closer when swinging in one direction and further away 
when moving in the other. 

                                                
57 For additional reading, also see Sigman et al. [2001]. 
58 Attributed to M.C. Escher (1898–1972). 
59 Viewing glasses containing such a filter can be obtained from numerous online sources – including: 
http://www.perspektrum.de. Alternatively, simply remove one of the filters from an old pair on sunglasses. 
60 Pulfrich became blind in one eye in 1905, some 17 years before his publication on the effect that is named 
after him, and which he could no longer observe. He generously gave credit to F. Fertsch for the discovery of its 
cause. Tragically, he died in a boating accident in the Baltic in 1927 [Howard and Rogers 2002]. 
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Using a single filter can provide enhanced sensations of depth in more complex scenarios, 
such as when watching television. Here, after a short adaptation time, a strong sensation of 
depth is readily associated with moving objects.61 

As discussed by Howard and Rogers [2002], several other explanations of this effect have 
been proposed. One of these is built on saccadic suppression - the duration of this 
suppression relates to the level of illumination. Consequently, when a filter is worn the 
suppression periods of the two eyes may be asymmetrical [Howard and Rogers 2002]. A 
second hypothesis is founded on the possibility that: 

 
‘... the visual system monitors the temporal difference in the stimulation of corresponding 
points on the two retina.’ [Howard and Rogers 2002]. 
 

 

2.7 TEMPORAL RESOLUTION: FUSION AND MOTION 
‘No matter how fast light travels, 

it finds that darkness has always arrived first, 
and is waiting for it.’62 

 
Various forms of electronic display device repeatedly activate their image elements many 
times per second. This is necessary when the physical process underlying the image element 
generation subsystem is transient (‘transient light output’ (TLO)), and so the activation must 
be repeated or ‘refreshed’ with sufficient rapidity that the viewer perceives the image as being 
continually present or ‘fused’. Appliances such as the traditional CRT-based television sets 
and computer monitors, along with fluorescent lights, present a rapidly modulating visual 
stimulus that is perceived as representing a steady source. However, if the image or stimulus 
is not refreshed quickly enough flicker is perceived. This perceptible regular modulation in 
image intensity can lead to discomfort, particularly when a display is viewed for extended 
periods of time. 

The temporal refresh frequency at which flicker disappears is known as the ‘flicker fusion 
frequency’ or ‘critical flicker frequency’ (CFF), and represents an important display parameter. 
However, the CFF varies from individual to individual and depends on various factors, 
including aspects of both the visual stimulus and the visual system. In general, the CFF 
increases with increasing source luminance - more intense stimuli require higher refresh 
frequencies so as to be fused. Conversely, flicker tends to be less noticeable in displays viewed 
at low intensities under dim ambient lighting. The functional form of this relation has been 
empirically determined to follow the Ferry-Porter Law: 

 
),log(LbaCFF       (2.12) 

 
where L denotes the source luminance and a and b are constants. This relationship has been 
shown to hold over a wide range of image intensities. Many variations in the CFF arise due to 
the different temporal response characteristics exhibited by the rod and cone photoreceptors 
and by the associated M and P pathways. One important aspect is that due to the respective 
distributions of the rods and cones over the retina, the visual system is more sensitive to 
temporal changes in the peripheral vision. Thus, flicker can be more easily perceived in a 
larger retinal image. In addition, as discussed by Dember [1960], the duty cycle of the time-

                                                
61 The scene from the film ‘Armageddon’ just prior to the landing on the asteroid is one of the author’s 
favourites… This highly dynamic scene provides an excellent example of the Pulfrich effect. Should the reader 
experience difficulty in observing the 3D nature of such image sequences, try placing the filter over the other eye 
and/or darkening the room.  
62 Author unknown. 
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varying stimulus can affect the CFF; at low intensities, the visual system is most sensitive to 
variations with equal light and dark periods (a duty cycle of 50%), whereas at high intensities 
the CFF tends to decrease with increasing duty cycles.63 

In practical terms an electronically displayed image can often be perceived as being 
continually present at refresh frequencies above approximately 15Hz, but with noticeable 
flicker. Such images are difficult to look at for extended periods of time. As the refresh 
frequency is increased, perceptible flicker is reduced. Values of 25-30Hz are sometimes 
quoted as sufficient,64 and indeed the perceived flicker is considerably less than at 15Hz. 
However, residual (or even subliminal) flicker can still cause viewing discomfort or 
headaches. 

Even in the case of thin panel displays based on light emitting diode, liquid crystal or 
plasma technologies (which do not exhibit TLO), the display must be regularly updated – so 
enabling the depiction of dynamic images. The ‘update frequency’ required for a dynamic 
image sequence to appear to change smoothly is approximately 10Hz (the actual value being 
influenced by various parameters, including movement speed and screen size). In the case of 
an electronic display exhibiting TLO which is used to depict dynamic images, it is therefore 
not necessary to alter image frame at each refresh. For example, if a display system operates 
with a refresh frequency of 30Hz, the image content only needs to be changed (at least in 
principle) every third refresh cycle. 

 
2.8 DISCUSSION  

‘The most important and urgent problems of the technology of today 
are no longer the satisfactions of the primary needs or of archetypal wishes,  

but the reparation of the evils and damages by the technology of yesterday.’65 
 
As indicated at the outset of this chapter, our purpose in preparing it was not to provide a 
comprehensive review of our sense of sight, but rather to present a brief overview and 
framework upon which readers new to this subject matter can build. We have especially 
sought to emphasise concepts that relate to our subsequent discussions.  

The visual system when considered as a whole operates in a remarkable way, especially as 
the image created on the retina is by no means a perfect rendition of the scene under 
observation (a point which is highlighted by the image presented in Figure 2.35). Light is 
converted into electrical impulses by photoreceptor cells, and preliminary retinal processing 
of these signals to detect local changes in contrast helps the eye to function over a very broad 
range of ambient lighting conditions. High spatial acuity and colour information (in ‘daylight’ 
conditions) is sensed almost exclusively from the small fovea region on which the incoming 
light is most sharply focused. Continual eye motion serves to explore the visual scene and 
maintain photoreceptor signalling. 

Our sense of sight cannot be understood by consideration of the eye in isolation, for the 
eye is simply a component (albeit a most complex component) within a highly integrated 
imaging system. It is for this reason that we have provided a brief description of some aspects 
of the far less understood processing of the image data after it passes from the eye. The 
human brain is extremely adept at processing and interpreting complex visual environments. 
Although our knowledge of how the brain processes the inverted images formed on each 

                                                
63 For related discussion see, for example, Levinson [1968], De Lange Dzn [1954, 1961], Kelly [1961], Alpern 
and Sugiyama [1961], Roufs [1972], and Cobb [1934]. 
64 These considerations are particularly relevant to some forms of emerging 3D display system in which a 
large number of image elements (voxels) need to be addressed during each refresh cycle (so as to convey 
visual information relating to the third dimension at a satisfactory resolution). This process often leads to the 
use of refresh frequencies lower than those employed in standard 2D display devices. By way of example, see 
Section 9.2.  
65 Attributed to Dennis Gabor. 
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retina to obtain consciously recognised objects at specific locations in an external coordinate 
space remains very much incomplete, evidence to date suggests that the central processing of 
the retinal images can be considered to have both hierarchical and parallel aspects. Different 
processing streams within the visual channel have been identified - each specialising in the 
extraction of certain information from the retinal input. In general, as the signals propagate 
further along these pathways, more complex information is extracted and processed to 
determine key features such as depth, shape, and form. There is also substantial cross-talk 
between these pathways at various points in the hierarchy, and this ‘bottom-up’ processing is 
combined with ‘top-down’ input including memory, context, and attention, to determine the 
final perception. Certainly, our understanding of the complex interplay between depth cues - 
at what point in the perceptual pathway their information is combined and interpreted - 
remains somewhat rudimentary (for discussion, see, for example, Landy et al. [1995], Hillis et 
al. [2002], and Volbracht et al. [1998]). 

The nature and limitations of our perception of form and depth should be pivotal 
considerations in the development and application of creative 3D display systems. Much 
work has been performed in attempting to quantify these mechanisms, often in isolation from 
each other so as to minimise confounding effects. However, in most day-to-day situations, 
the various depth cues are available concurrently and the prior experience of the observer is 
continually brought to bear.  

In general, shorter distances are estimated more accurately because more cues to depth 
are available. Our remarkable ability to ascertain absolute and relative distances and discern 
objects has evolved in this situation of redundancy or duplication of information, with 
different cues most effective at different distances. This ability has implications for creative 
3D display systems in which only a subset of the depth cues are satisfied consistently. 

For further and most interesting discussion on the visual systems of various creatures, see 
for example, von Frisch [1955], Land and Nilsson [2002], and Cronly-Dillon [1991]. In 
addition to the references cited in this chapter, cognitive psychology related texts that the 
author finds both useful and interesting include: Sanford and Wrightsman [1970], Landauer 
[1967] and Munn [1966]. Kolers [1972] considers aspects of motion perception. Farrell 
[[1991] considers matching display screen parameters to the visual characteristics of the 
human eye. Pastore [1972] provides extensive discussion on the history of visual perception. 
In relation to stereo acuity, also see Wong et al. [2002]. Palmisano et al. [2010] discuss 
stereoscopic depth perception over large distances. 

In addition, it is useful to bear in mind that the two-volume work by Boff et al. [1986] 
(which has been cited a number of times) represents a key resource to all interested in 
perception and human performance. David Brewster’s ‘Treatise on Optics’ [Brewster 1853] 
continues to provide an interesting account of various optical phenomena (and includes 
discussion on the eye). Castelhano et al. [2007] and Rayner et al. [2009] provide additional 
discussion concerning eye movements during scene examination. 
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Figure 2.35: With one eye, fixate on the centre of this image. Slowly bring the page 
towards the eye and note that when it is at a distance of ~10cm, the geometrical 
distortion is no longer evident – the image appears to represent a rectangular lattice of 
squares.66 (Reproduced from Helmholtz, ‘Handbuch der physiologischen  Optik’ [1896].) 

                                                
66 Also see Livingstone [1988] and Murphy [1935]. 

 

 



 

 

 
 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3.1 INTRODUCTION 
Aristotle is generally recognised as being the first to classify our five senses, and these are 
commonly referred to as touch, taste, sight, smell, and hearing. However, as K.M. Dallenbach 
writes:  
 

‘This classification is a heritage from the past, impressed upon us by the doctrine of the five 
senses which has come down to us from antiquity. It has long been known, however, that 
‘touch,’ the so-called fifth sense, is a congeries of unrelated sensory qualities…’ [Boring et 
al. 1935]  

 
He goes on to add: 

 
‘The sensory qualities popularly ascribed to touch derive, as we shall see, from a variety of 
organs and tissues: skin, muscles, tendons, ligaments, bones, joints and other internal organs. 
Since the structures they involve are so widely spread throughout the body (soma), they are 
fittingly called somesthetic sensations.’ 

 
Thus somesthetic (or somatosensory) perception relates to sensations ‘of the body’, these 
being derived from a multitude of internal sensory receptors and from the great network lying 
within the structure comprising the skin. In this latter case, the receptors are able to operate 
across a broad spectrum of conditions, detecting stimuli ranging from those perceived as 
being excruciatingly painful to those that generate a sense of exquisite pleasure. Unlike the 
senses of sight, smell, and hearing, we cannot readily ‘turn off’ the somatosensory channels, 
and therefore, it is rather difficult to instinctively appreciate the critical roles they play as we 
occupy, and interact with, our spatial surroundings. 
 

3 

 ‘But at the flash and motion of the man 
They vanished panic-stricken, like a shoal  
Of darting fish, that on a summer morn 
Adown the crystal dikes at Camelot’ 

PERCEPTION: HAPTICS  
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The importance of incorporating various types of somatosensory feedback has long been 
recognised in those areas where the human operator forms an integral part of an 
electromechanical control loop (for example, in avionics and telerobotics). Consider an 
operator manipulating a physically remote robotic arm to perform actions upon a delicate 
object. Without appropriate feedback the operator could easily cause damage through the 
application of needlessly large forces, and similarly an aircraft pilot could readily overstrain 
vital control surfaces. In fact, in systems where there is no mechanical linkage via which ‘real’ 
forces are relayed to the operator, the sense of force is often created artificially by 
electromechanical systems. 

There is growing interest in the development of interaction devices that can provide 
various types of somatosensory information within the context of the human-computer 
interaction process. Despite the difficulties associated with the implementation of such tools 
various systems are commercially available (see Volume II and III and also, for example, 
Burdea [1996]). These interaction paradigms generally support (to a limited extent) the 
sensations of force and/or of touch, which are commonly referred to as sources of ‘haptic 
feedback’. The term ‘haptics’ is derived from the Greek haptesthai, meaning ‘to come into 
contact with’, but it is often used more broadly in the field of interactive visualisation to 
include ‘motor’ actions in reaching for and grasping objects, as well as in sensing their inertia, 
weight, and rigidity. 

Unlike our other senses, the haptic channel is bi-directional and permits output to our 
surroundings, as well as the converse. However, in the case of conventional human-computer 
interaction, it is used almost exclusively for output as our motor systems interact with mouse, 
keyboard, or touch screen. In these examples, the only haptic sensation to the user is 
obtained via the passive physical properties of the devices themselves, and is not actively 
controlled by the computer system. As creative display systems become more widely used it is 
likely that the benefits that may ultimately be derived by properly supporting an active, bi-
directional haptic channel across a variety of applications will be properly understood, and so 
better exploited. 

Making use of the bi-directional capabilities of the haptic channel within the context of 
the computer interface is especially demanding since the hardware (such as special forms of 
glove or exoskeleton) must be in physical contact with the user. Naturally, this can restrict 
freedom of movement and potentially cause discomfort and strain during prolonged periods 
of usage. Furthermore, when the computer system is empowered to provide force feedback 
to skeletal joints, great caution has to be exercised to prevent incorrect operation (and 
unforeseen technical errors) causing physical damage to the user. 

To imagine that some form of body suit could provide a fully immersive haptic 
experience mimicking real-world sensation is without scientific basis - our haptic systems are 
far too complex. However, some of the real benefits that may be derived from more limited 
and technically achievable interfaces are becoming increasingly evident. 

In order to lay the foundations for our subsequent discussions, we present in this chapter 
preliminary information concerning the multifaceted nature of the complex human 
somatosensory processes - although we will generally restrict this discussion to those aspects 
that fall within the haptic classification. In the next section, we briefly consider the general 
facets of somatosensory perception, and in the following two sections discuss our senses of 
touch (or more precisely cutaneous sensitivity) and proprioception. As with the previous 
chapter, we simply seek to provide the reader with an overview of aspects of this area of 
study and where appropriate include references for further reading. In addition we 
recommend chapters of the extensive text edited by Boff et al. [1986] and the book edited by 
David Roberts [2002]. Burdea [1996] also provides a wealth of interesting discussion. In 
Volumes II and III we consider the implementation of haptic interaction interfaces. 
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3.2 SOMATOSENSORY RECEPTORS 
‘If builders built buildings the way programmers wrote programs, 

then the first woodpecker that came along would destroy civilization.’1 
 
Five general modalities representing facets of somatosensory sensation are summarised in 
Figure 3.1. Somatosensory sensation begins with a range of specialised transducers located 
within, or close to, the surface of the body. These sensory receptors, whose overall purpose is 
to provide information to the central nervous system (CNS), may loosely be classified 
according to the type of energy to which they are sensitive. When viewed in this way we can 
identify four categories: ‘mechanoreceptors’, ‘thermoreceptors’, ‘chemoreceptors’, and ‘nocio-
ceptors’. Although grouping these receptors according to their functionality may appear to 
offer a tidy solution, in practice a receptor may respond to more than one type of stimuli. For 
example, the mechanoreceptor category encompasses receptors that respond to mechanical 
stimuli - but: 
 

‘…some mechanoreceptive nerve fibres exhibit a modulation of firing rate with temperature 
change.’ [Sherrick and Cholewiak, in Boff et al. 1986]  

 
In a chapter concerning cutaneous sensitivity, Carl Sherrick and Roger Cholewiak (cited 
above) describe the ‘Weber Illusion’ (originating from the early nineteenth century) in which a 
coin (warm or cold) is placed on the forehead of a participant, when lying down. Oddly, 
colder but otherwise identical coins are perceived as being heavier, which implies the 
presence of a receptor sensitive to both temperature and pressure. The authors also review 
more recent similar trials, as reported in 1978/79 by J.C. Stevens, in which this experiment 
was repeated on various parts of the body. The earlier findings of Weber were confirmed, and 
moreover, it was found that in case of the forearm, both cold and warm objects appear to be 
heavier than neutral ones (i.e. those at local body temperature). Consequently, it should be 
noted that grouping receptors according to their functionality must be viewed with caution. 
 
 
 
 
 

 
 
 
 
 

 
 
 
 
 

 
Figure 3.1: Somatosensory perception embraces five general forms of sensation. 

 
From the perspective of the human-computer interface, the mecanoreceptor and 
thermoreceptor types are of particular importance. Consequently, we will confine our 
discussion to these, and set to one side both chemoreceptors and nocioceptors. 
 

                                                
1 Anon. 
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1. Mechanoreceptors: These play an important role in both cutaneous sensitivity and 
proprioception. As their name implies, they respond to mechanical stimuli such as force, 
tension, and pressure. Different regions of the body are more sensitive to pressure than 
others, and Schiffman [1976], drawing on the work of Verillo, indicates that under certain 
circumstances, a skin displacement of less than 0.001mm can be sensed. The face (and 
particularly the lips) is noted as being the most pressure-sensitive part of the body – with the 
tip of the tongue having the highest acuity. However, although one part of the body may be 
especially sensitive to one particular form of stimulus, it may be less sensitive to another. For 
example, although the lips exhibit great sensitivity to pressure, they are considerably less 
responsive than the fingers to vibrotactile stimulation [Boff et al. 1986, chap. 12]. 
 
2. Thermoreceptors: These respond to differences between the temperature of the air or of 
objects touched and the skin temperature.2 As with our sensitivity to mechanical stimuli, 
sensitivity to thermal stimuli varies for different parts of the body. The ‘Specific Receptor 
Theory’, attributed to Max von Frey (1852-1932) suggests the presence of two receptor types: 
warm and cool. Each has a different temperature sensitivity profile, and the combination of 
the inputs from these two receptor populations provides the CNS with an indication of 
temperature relative to the local body temperature. An alternative theory (the ‘Vascular 
Theory’) suggests the use of a single mechanism in which: 

 
 ‘... thermal sensations occur from the constriction and dilation of the smooth muscle walls of the 
blood vessels of the skin ... The direct responses of smooth muscle tissue producing size changes 
of the vessels initiate activity in the sensory nerve endings.’ [Schiffman 1976] 

 

3.3 CUTANEOUS SENSITIVITY 
‘In science, by a fiction as remarkable as any to be found in law, 

what has once been published, even though it be in the Russian 
language, is spoken of as known, and it is too often forgotten 

that the rediscovery in the library may be a more difficult 
and uncertain process than the first discovery in the laboratory.’3 

 
Skin, that complex covering for both external and internal surfaces of the body, enables us to 
sense physical stimuli. This communication function is made possible because of the 
multitude of sensory receptors located within its structure. The area of the skin of an average 
adult is ~1.8m2 (it is our largest organ), and as indicated by Carl Sherrick and Roger 
Cholewiak in Boff et al. [1986], this is more than three orders of magnitude greater than the 
combined area of the retinas. As discussed in the previous chapter, each eye provides output 
to the CNS via some 106 axons, whereas (despite the far greater surface area) the sensory 
receptors from the skin converge on the CNS via some 1.1x106 axons. Although these figures 
do not directly relate to the number of sensory receptors, they are indicative and provide a 
suggestion that the density of sensory receptors within the skin is not as great as we first may 
think, based on experience derived from our own body. The receptors are not uniformly 
distributed, and their density varies with location and with factors such as age. 

Each receptor type is sensitive to input over a certain area, known as its ‘receptive field’. 
The ‘two-point threshold’ measurement provides an indication of spatial resolution and 
corresponds, for example, to the minimum distance by which two physical points generating 
a pressure on the skin must be separated so that they are perceived as two distinct entities 

                                                
2 Skin temperature is not uniform across the body; clothed areas are ~35°C, the hand 33°C, and the ear lobe 
where blood flow is sluggish can be significantly cooler (~20°C) [Schiffman 1976]. 
3 Attributed to Lord Rayleigh, 1884. Quoted in Boff et al. [1986, Preface]. 
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(see Figure 3.2). This measurement varies considerably with location; on the arms and legs it 
is ~40mm, whereas the index finger provides greater spatial resolution (~3mm) [Gleitman 
1981]. 

The firing of different receptors can depend on how long a stimulus has been active. 
Some receptors rapidly adapt to the presence of a stimulus and so fire only for a short time. 
Such receptors are able to more sensitively convey information on changes in the stimulus. 
Receptors may be classified as ‘rapidly adapting’ (RA) and ‘slowly adapting’ (SA), where the 
adaptation rate denotes the decrease in the rate of firing following a sustained stimulus. Both 
of these classifications have subclasses I and II (see Stanley Bolanowski writing in Roberts 
[2002] for valuable discussion). 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
Sherrick and Cholewiak writing in Boff et al. [1986], draw on the work of Hill [1967] to 
describe research indicating that when the sensory system experiences a mechanical impulse 
stimulus it performs temporal summation (i.e. integration over time). Trials are reported as 
being carried out on the finger, and involved the application of a series of short duration 
pulses (at a rate of 2 pulses per second). The pulse amplitude was gradually increased until the 
pulse sequence could be perceived. The duration (t) of the impulses (measured in 
milliseconds) was varied (whilst retaining their temporal separation), and in each case the 
minimum signal amplitude (A) required for stimulus perception was measured. The results 
obtained satisfied the relation: 
 

.
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A      (3.1) 

 
This equation represents an integrator with a time constant of 1.5ms. For pulse durations 

greater than 10ms the threshold amplitude remained constant (2m). However, for pulses of 

shorter duration (the researchers used pulses as short as 350s), larger amplitude stimuli were 
required. Such basic research concerning the characteristics of the sensory systems is clearly 
of fundamental importance to the exploitation of the haptic channel within the context of the 
human-computer interface. 

Most of the exterior body is covered by ‘hairy skin’ (this does not mean that the skin is 
necessarily obviously hairy, nor that it has associated with it a single form of hair). A second, 
simpler skin type is the mucous membrane which is found internally. Mucocutaneous skin lies 
at the interface between the ‘hairy’ and mucous membrane forms of skin (e.g. the lips). 

 

Figure 3.2: The determination of the two-
point threshold by means of an 
Aesthesiometer. Consider two points lightly 
in contact with the skin. The two-point 
threshold corresponds to the minimum 
separation required in order that they are 
resolved as two (rather than a single) 
stimuli. This varies with location on the 

body. (Reproduced from Munn [1996].) 
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Glabrous skin is found on the palms, soles of the feet, and parts of the fingers and is: 
 

‘…thick, richly innervated, and deeply furrowed, thus providing protection, high sensitivity, 
and good gripping qualities to the manipulative surfaces of the body.’ [Scharf 1975]  

 
Glabrous and hairy skin (which are of interest to us) comprise various structures. These are 
generally grouped as lying within the epidermis (outer layers) or dermis (inner layers). 

The sense of touch is mediated by various types of mechanoreceptors lying within the 
skin’s structure - specifically within the dermis (see Figure 3.3). There are four main types of 
mecanoreceptor: Meissner’s corpuscles, Merkel’s disks, Pacinian corpuscles, and Ruffini 
endings. In hairy skin an additional receptor located at the hair root is present and responds 
to hair displacement. Free nerve endings respond to heat and painful stimuli. (See Burdea 
[1996], Coren et al. [1994], and Roberts [2002] who provide interesting and important detail.) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.3: An illustration of a cross-section of hairy skin showing various types of 
mechanoreceptors lying within the skin’s structure. Here we find Meissner’s 
corpuscles, Merkel’s disk, Pacinian corpuscles, and Ruffini endings. An additional 
receptor is found in hairy skin and is located in the region of the hair root. This 
responds to hair displacement. Free nerve endings respond to heat and painful 
stimuli. (Reproduced by permission from Coren, S., Ward, L.M., and Enns, J.T., 
(2004).) 

 
Several properties of the four primary touch mechanoreceptors are summarised in Table 3.1. 
The superficial Meissner’s corpuscle and Merkel disk receptors both have small receptive 
fields and are thus able to distinguish between sensations with a high spatial resolution - in 
contrast to the Ruffini endings and Pacinian corpuscles. Reviewing a number of sources on 
the physiology of touch Kaczmarek et al. [1991] report a median receptive field area of 
approximately 13mm2 and 11mm2 respectively for the former two receptor types, in contrast 
to 59mm2 and 101mm2 for the latter two. Moreover, the temporal properties of these 
receptors also differ. The Meissner’s corpuscles are ‘rapidly adapting’ (RA) - they signal 
changes, and their firing rapidly dies away with sustained input. Conversely, the Merkel disk 
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receptors are ‘slowly adapting’ (SA) and signal sustained pressure. The Pacinian corpuscle is 
physiologically similar to the Meissner’s corpuscle and likewise is RA, responding to rapid 
indentation but not sustained pressure [Kaczmarek et al. 1991, Kandel et al. 2000]. This 
corpuscle is responsible for the detection of vibration and is:  

 
‘…a large ovoid corpuscle, having onion-skin coverings, which projects to the spinal cord and 
possibly the brain, via a single, direct fibre.’ [Katz 1989]  

 
 

Table 3.1: Some properties of mechanoreceptors. (Adapted from Burdea [1996].) 
 
Ruffini endings are slowly adapting and in particular sense any stretching of the skin. In 
experiments designed to distinguish the contributions of slowly and rapidly adapting signal 
pathways, Blake et al. [1997] report that Merkel disks appear to convey most of the 
information relating to the perceived roughness of a surface. 

Peter Cahusac writing in Roberts [2002] provides discussion on the perception of touch 
and distinguishes between ‘active’ and ‘passive’ modalities. He illustrates his description by a 
simple example that draws on our everyday experience of testing fruit for ripeness. This is 
one of numerous situations where we place greater reliance on touch than on sight. Through 
the application of gentle pressure (much to a vendor’s irritation), we can quickly assess 
ripeness - a process that is made easier by holding the fruit in the hand. As he indicates,  

 
 ‘Our hands are most suitably adapted to perform active touch as they work together to 
grasp, palpate, prod, press rub and heft the tested object.’  

 
When next testing for ripeness, try the less accurate passive touch approach and simply prod 
the fruit without picking it up. It is immediately evident that this is a far less satisfactory 
approach. For additional reading, see, for example, Gibson [1962] and Gordon [1977].  
 

3.4 PROPRIOCEPTION 

Let us pause for a moment and consider three simple examples that involve movement in, 
and interaction with, the three-dimensional (3D) space within which we live. Firstly, consider 
the pleasurable occupation of drinking a chilled Chardonnay. How often do we find ourselves 
- as a consequence of being distracted by intense conversation - inadvertently pouring this 
sacred liquid into our ear, or shattering the glass between our fingers because of the unsensed 
application of a mighty and therefore inappropriate force to a fine glass? Alternatively, 
consider navigating a staircase while immersed in a book. Given the complexity of this 
process (i.e. movement rather than reading) in terms of the number of joints that we must 
accurately move as well as our constant change of posture, it is impressive that stairwells are 
not littered with those who have failed miserably in this challenging task. Finally, consider the 
seemingly straightforward task of maintaining balance when standing or walking. Under 
analysis, this process is itself a remarkable feat (when considered in the context of navigating 
a staircase while reading a book and sipping wine, it becomes almost miraculous). Given the 
small contact area that our feet make with the ground, and the location of our centre of 
gravity, it is surprising that we can even stand let alone balance on one foot (if necessary), 

Receptor Type Stimulus 
Frequency(Hz) 

Adaptation Rate 
Code 

Receptive Field 

Merkel Disks 0-10 SA-I Small. Well 
defined. 

Ruffini Endings 0-10 SA-II Large. Indistinct. 

Meissner Corpuscles 20-50 RA-I Small. Well 
defined. 

Pacinian Corpuscles 100-300 RA-II Large. Indistinct. 
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without apparent effort. Although the inner ears provide the source of information that is 
pivotal to the balancing process (more specifically, the vestibular sacs and semicircular 
canals), this information is based on the orientation (i.e. coordinate system) of the ear and 
hence the head with respect to the physical environment. This is different from the 
coordinate system attributed to the body. In order to achieve balance, the CNS must be able 
to map between the two (and the parameters used in this mapping will continually change as 
we shift in our posture). Consequently, the CNS must carefully measure flexing of the neck - 
a background task that is carried out without conscious thought. Indeed if those who seek to 
curtail everyday human activity on the basis of potential (and frequently nonsensical) safety 
issues fully appreciated the cognitive complexity associated with human motion, there can be 
little doubt that we would be denied the right to use mobile phones while walking! 

To enable us to interact effectively with our surroundings, and undertake the types of task 
mentioned above, it is necessary for the CNS to have an accurate knowledge of the position 
and orientation of our limbs within 3D space, together with relevant information concerning 
their motion and the forces that we exert (or that are exerted on us) during any interaction 
process. In this context, the terms ‘proprioception’ (proprius from the Latin ‘own’) and 
‘kinesthesis’ (kine from the Greek ‘movement’) are both commonly employed. For our 
discussions, we will adopt the former term, within the context employed by Osgood [1953], 
who writes: 

 
‘The term ‘kinesthesia’ which refers quite literally to sensations of movement introspectively 
determined, has been largely replaced by the term ‘proprioception,’ which emphasises receptor 
and sensory nerve action neuro-physiologically determined - this is part of a general shift in 
psychological orientation during the past half century.’ 

 
In a most interesting introduction to this subject Ian Lyon [Roberts 2002, chap. 20] refers to 
the work of Charles Sherrington, who in a publication that appeared in 1900 defined 
proprioceptors as: 
 

‘…receptors sensitive to stimuli that are ‘traceable to the actions of the organism itself.’’ 
[Sherrington 1900].  

 
As Lyon indicates, all our receptors may be considered as proprioceptors because when we 
move a limb we may (for example); observe the movement visually, it may be audible, and we 
may sense the stretching of our skin. However, it is usual to limit proprioceptors to those 
receptors in our joints, muscles, and tendons that provide information to the CNS concerning 
the position and movement of our joints. Also included within this classification are sensors 
within the skin that contribute to our ability to correctly sense our spatial position [Roberts 
2002]. 

We can, of course, sense the position of our limbs without any visual cues - close your 
eyes and attempt to bring together a fingertip from each hand. Now repeat the process under 
more difficult circumstances - with your hands behind your back. Such tasks are easily 
accomplished and under normal circumstances we are entirely unaware of the considerable 
processing necessary to determine and maintain posture and, furthermore, to effect 
controlled changes to it. However, although the visual sense is generally not considered as a 
form of proprioceptor, sight usually augments aspects of the proprioception process. 

Proprioception is multifaceted (see Figure 3.4) and is an intriguing area of 
multidisciplinary study. Despite an extensive period of major research activity many core 
issues remain unanswered. Francis Clark and Kenneth Horch [Boff et al. 1986] begin their 
discussion on kinesthesia in the following way: 
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‘Our current understanding of the mechanisms underlying the kinesthetic sense differs 
remarkably little from the views that prevailed at the turn of the century, although the 
intervening years saw these early ideas systematically challenged, discarded, re-explored and 
finally reinstated.’ 

 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 

 
Figure 3.4: Proprioception is multifaceted. Some aspects of proprioception are 
indicated here. The reader is left to consider other facets that may be included. 

 
Although this may be something of an oversimplification, it does loosely indicate the way that 
certain ideas have evolved. During the nineteenth century, the concept of a ‘sense of 
innervation’ was popular. In brief, this hypothesis supposed that control was achieved not by 
sensory receptors monitoring position and movement, but by: 
 

‘…a sensory experience resulting from some internal monitoring of the impulses originating 
in the brain and destined for the muscles.’ (Clark and Horch in Boff et al. [1986]) 

 
Hermann Helmholtz favoured this concept and made a plausible case in connection with 
conscious eye movement, in which he saw no requirement for sensors able to monitor such 
movement. In connection with the concept of the ‘sense of innervation’, Charles Sherrington 
[1900] quotes from and comments on Helmholtz’s work4 as follows: 
 

‘A phenomenon cited by Helmholtz is the following: “When the right external rictus is 
paralysed, the right eye can no longer rotate to the right. So long as it turns only to the nasal 
side it makes regular movements, and the correct position of objects is perceived. When it 
should be rotated outwardly, however, it stays still in the primary position, and the objects 
appear flying to the right, although the position of eye and retinal image are unaltered”. The 
left sound eye is covered. “In such a case,” Helmholtz goes on to say, “the exertion of the 
will is followed neither by actual movement of the eye, nor by contraction of the muscle in 
question, nor even by increased tension in it. The act of will produced absolutely no effect 
beyond the nervous system, and yet we judge of the direction of the line of vision, as if the will 

                                                
4 Helmholtz’s work is well worth perusal, especially in the context of his discussion on both vision and 
‘innervation’. Richard and Roslyn Warren [1968] provide an English translation of some of his writings (other 
English language translations are accessible via the Internet). 
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had exercised its normal effects. We believe it to have moved to the right, and, since the 
retinal image is unchanged, we attribute to the object the same movement we have erroneously 
ascribed to the eye... These phenomena leave no room for doubt that we only judge the 
direction of the line of sight by the effort of will with which we strive to change the position of 
our eyes ... We feel, then what impulse of the will, and how strong a one, we apply to turn 
the eye into a given position.’ 5 

 
Despite the plausibility of Helmholtz’s case, enthusiasm for the innervation approach 
declined after the discovery of the abundance of sensory receptors in joints, muscles, and 
beneath the skin together with a growing awareness of the importance of sensory information 
for effective motor control. Sherrington (building on the earlier work of Charles Bell in the 
first half of the nineteenth century) seems to have been instrumental in the move away from 
the concept of a sense of innervation, and in connection with Helmholtz’s above comments, 
writes: 
 

 ‘But the interpretation neglects ... the movement of the covered eyeball as a source of 
peripheral sensation.’ 

 
He goes on to propose that: 
 

‘We may treat of the muscular sense as of other senses. The parts of its apparatus may be 
distinguished as peripheral, internuncial, and central; among its phenomena may be 
distinguished centripetal impulses, sense impressions, sense perceptions, judgements and 
ideas.’ 
 

The question of the relative contribution made by the various forms of proprioceptors to the 
range of proprioception activities has given rise to considerable research activity, and as is 
often the case in nature, the answers are seldom simple. Some decades after Sherrington’s 
original hypothesis, research results seemed to indicate that sensory receptors located in joints 
played the dominant role. Researchers Rose and Mountcastle writing in the 1959 Handbook 
of Physiology are quoted in Boff et al. [1986] as follows: 
 

‘It is now apparent that the sense of position or of movements of the joints depends solely on 
the appropriate receptors in the joints themselves. There is no need to involve a mysterious 
muscle sense to explain kinesthetic sensations and to do so runs contrary to all the known 
facts concerning the muscle stretch receptors.’ 

 
However, it was eventually found that although joints are equipped with ample receptors they 
do not always seem to be spatially tuned to provide feedback on joint position across the 
entire range of movement. Experimentation with a cat’s knee joint showed that most 
receptors responded only at extreme flexion of the joint and did not encode movement 
across the entire range of joint position [Burgess and Clark 1969]. Furthermore, after being 
equipped with artificial joints, patients often found no major loss in proprioception, thus 
demonstrating that sensory receptors in the joints are not a requirement for sensory feedback. 
Today, we have returned to the somewhat astute views of Sherrington since muscle receptors 
have (in some experiments) been shown to provide considerable information needed for 

                                                
5 Sherrington adds the following footnote: ‘I quote from W. James’ translation in ‘Principles of Psychology’, vol, ii, p.507, 
which is from the 1st edition of the ‘Physiol.Optik. ‘The passage remains unaltered in the 2nd edition, p. 744 (1896), which is a 
part of the volume lying beyond that revised by Helmholtz before his last illness.’ 
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proprioception,6 although the relative importance of feedback from different receptor types is 
likely to vary between joints (see Ian Lyon writing in [Roberts 2002, chap. 20]). The degree to 
which feedback from sensory receptors is augmented with any sense of innervation is still not 
known. 

It may seem odd that this debate has continued for so long, but the issues involved and 
the tasks facing researchers in this area have not been easy to overcome. It is recommended 
that the interested reader consult either Boff et al. [1986, chap. 13] and references cited 
therein or [Roberts 2002, chap. 20] for a more detailed account of this intriguing history. 

Muscles contain two types of receptor: ‘muscle spindles’ and ‘Golgi organs’. The former 
are situated in parallel with the main muscle fibres and signal changes in length and the rate of 
change of length7 (in fact they exhibit both sensory and motor function, and this duality of 
purpose has complicated research efforts). Golgi organs are arranged in series with the main 
muscle fibres and so signal tension in the muscle.  

See Clark and Horch in Boff et al. [1986] for extensive discussion on these receptors. Also 
see Howard and Templeton [1966] who provide an interesting discussion on receptor 
composition together with overviews of trials conducted in connection with aspects of 
human proprioception. 
 

3.5 SOMATOSENSORY AND MOTOR PATHWAYS 
‘The centipede was happy quite, 

until a toad in fun, 
said, ‘Pray, which leg goes after which 

when you begin to run?’ 
That worked her mind to such a pitch, 

she lay distracted in a ditch, 
considering how to run.’8 

 
There appear to be two major somatosensory pathways carrying sensory information from 
the receptors in peripheral parts of the body to the brain, where the responses of the different 
receptors are combined and sensation is perceived. One of these is thought to be responsible 
for tactile sensation and limb proprioception (the dorsal column pathway), while the other 
transmits painful and thermal stimuli (the anterolateral pathway) [Kandel et al. 2000]. Having 
reached the brain each of these pathways has a juncture in the thalamus, with subsequent 
projections into the somatosensory cortex. 

The axons comprising these ascending pathways retain an organisation that reflects the 
different body parts from where the sensory signals originate. This spatial ‘map’ of the 
projections within the pathways is continued into the somatosensory cortex, which forms a 
strip down the cortex on each brain hemisphere and is divided spatially into areas responsible 
for input from different parts of the body (see, for example, Ramachandran and Hirstein 
[1998] who discuss ‘phantom limbs’). The sensations from different areas of the body are 
thus routed to the appropriate part of the somatosensory cortex. In this way, the brain not 
only registers the sensation but can also localise it. The size of the portion dedicated to each 
area of the body relates to the density of receptors in the respective body part. Thus, sensitive 
areas such as the face and fingers have a greater portion of the somatosensory cortex 
dedicated to them than the relatively insensitive areas such as the elbow (see Figure 3.5). This 
cortical representation of the human body is known as the homunculus and is sometimes 

                                                
6 Australian Ian McCloskey was driven to having a tendon in his foot cut. When this was pulled, he experienced 

a sensation of the movement of the relevant toe, despite this being immobilised. Other similar experiments have 
yielded less conclusive results as to the importance of the muscle sensory receptors [Roberts 2002]. 
7 These are more able to signal stretching rather than decreases in length. 
8 Attributed to Mrs Edmund Craster (d. 1874) (from Munn [1966]). 
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represented as a human figure distorted so that the size of each body part is proportional to 
its corresponding cortical sensory area.9 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
          (a)                 (b) 

 
Figure 3.5: In (a) different parts of the somatosensory cortex receive input from 
different parts of the body. The area of cortex dedicated to each body part relates to 
the corresponding density of somatosensory receptors. Thus sensitive areas such as 
the fingers and lips have a greater dedicated portion of the somatosensory cortex 
than relatively insensitive areas such as the elbow. This cortical representation of 
the body is known as the homunculus. In (b) a similar distribution in the motor 
cortex.  

 
After the initial receipt of the stimulus in the primary somatosensory cortex, subsequent 
processing involves other brain regions where information from different sensory inputs is 
integrated with memory and other cognitive functions and can be used to drive subsequent 
actions [Kandel et al. 2000, Faw 2003, King and Calvert 2001, and Wallace 2004].  

The motor pathway for voluntary actions approximately follows the reverse route to that 
of somatosensory perception, the main pathway being from the primary motor cortex, down 
the spinal cord, to the target extremity. It seems, however, that the primary motor cortex is 
not as strictly organised in a ‘map’ of destination extremities as is the somatosensory cortex; 
there is some overlap in the regions that affect different body parts or muscles, and these are 
not necessarily arranged in a sequential manner [Schieber 2001]. Moreover, the motor cortex 
receives input from other cortical areas, such as the prefrontal and premotor cortex (thought 
to be involved in planning actions) and other sensory cortices [Jeannerod et al. 1995, Freund 
2003]. These descending pathways also project to deeper brain areas such as the thalamus, 
basal ganglia, midbrain, and cerebellum, which in turn send feedback projections back to the 
motor and pre-motor cortices via the thalamus [Kandel et al. 2000]. 

 
 
 
 

                                                
9 The homunculus concept dates back to the work of neurosurgeons such as Wilder Penfield who, in the 1950’s, 
mapped the somatosensory cortex using electrical stimulation during brain operations (see, for example, 
Ramachandran and Hirstein [1998], and Saper [2002]). 
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3.6 DISCUSSION 
‘Now are the shouting thrushes still… 

The pointing finger’s past the noon, 
The traveller is across the hill, 

The year turns down: how soon!’10 

 
As indicated in the Introduction, the purpose of this brief chapter is to provide the reader 
new to this area with some basic concepts, to give appropriate references to facilitate further 
study, and above all to emphasise both the intricacy and complexity of a remarkable sensory 
modality. It is clear that the proper development of interaction tools that can provide us with 
sound haptic sensation requires that we first study this sensory channel. Such a voyage 
enables us to learn from what is already known, and to appreciate the extent of the void 
where certainty does not flourish. Indeed despite the remarkable efforts to date, in the area of 
somatosensory perception, this void remains extensive. 

In terms of the human-computer interface, our ultimate goal is to effectively support (and 
so derive synergy from) multisensory communication. In this respect it is natural to ask: what 
are the relative sensitivities of our sensory systems? Clearly, any response must be based on 
many suppositions because in comparing senses we are not comparing like with like. 
Furthermore, the responsiveness of senses when viewed in isolation is likely to be rather 
different than when they are viewed in combination as a whole, integrated system. In short, 
the senses (or sensory components) complement each other and the whole is greater than its 
constituent parts. 

Despite this, it remains instructive to make a rough comparison of sensitivity. This has 
often been done by use of the Weber fraction that may be expressed as: 

 

,C
I

I



      (3.2) 

 
where, for a particular sensory modality, I represents a certain level of physical stimulus and 

I the least perceptible change in the stimulus that can be detected by an observer. C 
represents a ‘constant’ for the particular sense under investigation. Gleitman [1981] illustrates 
this approach by means of a simple example in which he supposes that a person can just 
detect the difference in illumination derived from 100 and 102 candles (i.e. the addition of 
two candles represents the ‘just noticeable difference’ for a background illumination of 100 
candles). Assuming the validity of the above expression, if we double the number of candles 
we will then need to add four more in order to produce the smallest change in illumination 
that is detectable by the observer. Although there are a number of approximations and bold 
assumptions in this approach, it is useful, particularly as the Weber fraction is dimensionless 
and consequently we are able to compare values for the various sensory systems (see Table 
3.2). It is important to note, however, that this method produces the best results only for 
mid-range intensities and breaks down as the sensory systems are driven by stronger or 
weaker stimuli. 

As a conclusion to our brief discussion of human sensory systems, it is appropriate to 
quote from Coren et al. [2004] who write:   

 
‘Virtually everything we know about our world entered our minds in some form through our 
senses. We all realize that if even some of our senses were missing, our experiences would be 
incredibly limited. Consider the impossible problem of explaining the difference between the color 
blue and the color green to a person who has been blind since birth. Or how you would explain 

                                                
10 ‘July’, Anon. 
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to a person who has no taste buds how the taste of chocolate and vanilla differ from each other? 
Such aspects of the world will never exist for these individuals. For the blind person, salt and 
pepper differ only in taste. For the person with no ability to taste, salt and pepper differ only in 
color or texture. For those of us who have senses of sight, hearing, taste, touch, and smell, our 
world is a rich and continuous flow of changing precepts. Each new sensation carries with it 
information about our world.’ 

 
Sensory Modality Weber Fraction 

Proprioception (lifting weights) 1/50 

Pain (thermal – applied to the skin) 1/30 

Cutaneous pressure 1/7 

Smell (of India rubber) 1/4 

Taste (table salt) 1/3 

 
Table 3.2: The use of the Weber fraction as an indicator of relative sensory sensitivity. Trials 
employed mid-range sensory conditions. (Data source: Geldard [1962].) 

 
 

 



 

 

 
 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

4.1 INTRODUCTION 
As we have discussed, our visual perception of ‘physical space’ is in many respects illusionary. 
This not only applies to our perception of light, colour and shading but also to the geometric 
size and location of objects within our field of view. In this latter context, it is important to 
distinguish between ‘3D physical space’ and ‘3D perspective space’ – with the second term 
relating to our perception of the first (recall Section 1.8). 

Many of the concepts and techniques that we now use to represent a three-dimensional 
perspective space within the confines of two-dimensional (2D) media, are fundamentally 
based on methods developed in Italy during the fourteenth and fifteenth centuries. This was a 
period in which artists sought to understand the nature of perspective space and the 
mathematical rules (and/or methodologies) needed to map physical space into its perceived 
3D form. These were adapted and extended to support the mapping of 3D perspective space 
onto the 2D tableau. In this way, and by studying the human perception of light as it interacts 
with the surroundings, artists were able to create images that accurately reproduce many 
facets of our natural perception of 3D physical space.  

Gradually a range of systematic techniques were derived, disseminated, and put to use in 
painting and other forms of pictorial art. Indeed it was during this period that, among others, 
Giotto di Bondone, Filippo Brunelleschi, and Leon Battista Alberti significantly contributed 
to the development of techniques that are widely used today in computer graphics. 

In this chapter, we take a brief glance into this intriguing past and discuss the development 
of selected ideas and techniques that underpin the geometrical translation of 3D perspective 
space onto the 2D tableau. We also allude to some similarities between current challenges and 
those faced 600 or more years ago. After all, emerging creative 3D display and interaction 
techniques offer in principle to significantly advance the human-computer interaction 
interface. However, they denote a major paradigm shift and so in considering their 
development and optimal application we must not be bound by established approaches. In 

4 HISTORICAL PERSPECTIVE  

‘Then, Edyrn, son of Nudd,’ replied Geraint, 
‘These two things shalt thou do, or else thou diest. 
First, thou thyself, with damsel and with dwarf, 
Shalt ride to Arthur’s court, and coming there, 
Crave pardon for that insult done the Queen, 
And shalt abide her judgment on it;’ 
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this respect it is perhaps appropriate to quote (by way of analogy) from the Notes of 
Leonardo da Vinci (1452-1519): 

 
‘Hence the painter will produce pictures of small merit if he takes for his standard the 
pictures of others, but if he will study from natural objects he will bear good fruit…. After 
these came Giotto, the Florentine, who was not content with imitating the works of 
Cimabue his master . . . after much study he excelled not only the masters of his time but all 
those of many bygone ages. Afterwards this art declined again, because every-one imitated the 
pictures that were already done... Oh how great is the folly of those who blame those who 
study from nature, leaving uncensored the authorities who were themselves the disciples of this 
same nature.’ (Quoted in Richter [1998].) 

 
In Sections 4.2 to 4.4, we focus on the development of techniques enabling the accurate 
mapping of 3D perspective space onto the 2D tableau. Section 4.5 revisits the human visual 
system within an historical context. Subsequently, in Section 4.6 we discuss the Sistine Chapel 
frescoes created by Michelangelo Buonarroti (1475–1564) and the intriguing possibility that 
he deliberately included anatomical forms within these works. This fascinating history 
highlights the nature of the transdisciplinary skills and knowledge which underpinned the 
work of leading Renaissance figures. The Cameras Obscura and Lucida (which can assist in 
the mapping of 3D perspective space into its 2D equivalent) are outlined in Section 4.7.  

It is hoped that the interested reader will be encouraged to pursue these topics further and 
that the references cited in the chapter will offer a useful starting point. Additionally, the 
following textbooks dealing with the diverse and enthralling history of mathematics are 
recommended: Cooke [2005], Burton [2007], and Boyer [1991]. Wright [1983] provides much 
valuable and practical discussion on perspective techniques and Myin [2000] considers aspects 
of visual consciousness. In relation to the writings of Leonardo da Vinci see, for example, 
Kemp and Walker [1989]. Finally, Farrell [1991] provides important discussion concerning 
the matching of display screen parameters to the human eye.  
 

4.2 THE DEVELOPMENT OF PERSPECTIVE TECHNIQUES 
‘After a certain high level of technical skill is achieved, 

science and art tend to coalesce 
in aesthetics, plasticity and form. 

The greatest scientists are always artists as well.’1 
 
The European Dark Ages are - as the name implies - often viewed as representing an 
intellectual and cultural winter. Whether this is an accurate portrayal of Europe at those times, 
or rather a gross simplification and generalisation is an interesting debate, and certainly when, 
for example, we regard at first hand the great churches and sculptures that were created 
during this period, we are left with a sense of great respect. However, this is not a debate that 
need concern us – at least for the moment. Of more immediate relevance is the contrast 
between our perception of this period, and the Renaissance (rebirth) that followed.  

The Renaissance flourished in Italy from the fourteenth to the sixteenth centuries and is 
justly renowned for exceptional architectural and artistic works. In fact, developments made 
at that time were to dramatically influence Western society, and still continue to do so. If the 
Dark Ages were in fact an intellectual and cultural winter, then the period that followed may 
be viewed as springtime - a time where art, science, and mathematics coalesced. This catalysed 
progress and parallels our current need to promote wide-ranging transdisciplinary research in 
order to make major advances in the development of creative computer interface techniques 
and visualisation paradigms. 

                                                
1 Attributed to Albert Einstein (1879-1955). 
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Prior to the Renaissance we generally see artistic works where perspectives are distorted, 
angles are awkward, and objects within a scene are twisted in odd (non-real world) ways (see, 
for example, images presented in Figures 4.1 to 4.3). As a consequence there is an overall 
reduction in spatial realism, and to those accustomed to the accurate rendition of perspective 
and the ‘tidy’ framework that this imposes, such works may at times be considered to possess 
a childlike quality. Indeed the lack of an accurate perspective space can cause distraction, or 
even a sense of irritation. As a result the viewer may be continually drawn to (and dwell on) 
perspective inaccuracies rather than on the work as a whole. However, once we firmly put to 
one side any lack of accuracy in perspective geometry, it is possible to begin to gain a better 
insight into the often remarkable content that has been captured in the artist’s ‘mind’s eye’ 
and rendered on a 2D surface. For instance, take a look at the facial expressions in Figure 4.3 
conveying emotions of resignation, detachment, and even sadism. Here, the absence of (or 
rather inaccuracy in) perspective adds to, rather than detracts from, the work as a whole.  
 

 
 
 

 
 
 
 
 
                                                                                                                                                 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  

 

 

 

 

Figure 4.1: Above, a Chinese painting 
entitled ‘Yard Concert’ dating back to the 
tenth century. Left, ‘The Last Supper’ by 
Giotto di Bondone (1267-1337). Painted 
circa 1306, it demonstrates a clear intention 
to set Jesus and his Disciples in a 
perspective framework. The extent to 
which this pre-Renaissance artist applied 
mathematically-based geometric principles, 
or simply employed an instinctive talent to 
create ‘perspective space’ is unknown. Note 
the lack of consistency in perspective and 
also that the upper balcony can ‘switch’ 
between two orientations. This effect is 
commonly discussed in the context of the 
‘Necker cube’ (after L.A. Necker), where a 
line drawing of a cube is created (without 
recourse to vanishing points). Such a cube 
is visually unstable. 
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Natural perspective is not absent from all pre-Renaissance paintings. However, the extent to 
which pre-Renaissance artists understood (either qualitatively or quantitatively) the 
geometrical rules needed to create accurate perspective renditions of 3D scenes on a 2D 
tableau, is a matter of debate. In this context, Lucio Russo [2004] writes: 

 
‘The debate over whether perspective was known in Antiquity has been going on for 
centuries. It goes right back to Renaissance painters and is still alive. If by perspective we 
mean primarily the systematic use of central perspective as codified in the fifteenth century, 
its existence in Antiquity is contested by many on the grounds that the Pompeii frescos 
generally seem to employ what is now called herringbone perspective (having mutually 
inconsistent vanishing points along an axis).’ 

 
In connection with the Pompeii frescoes, Russo goes on to write: 

 
‘The Pompeii frescos clearly reveal the use of effective geometric rules for three-dimensional 
rendering… The notion of the vanishing point, too, is well attested…Lucretius observes that 
a long portico appears like a cone towards whose vertex the ceiling, the floor and the side 
walls converge…while Vitruvius writes: ‘Likewise scenography is the sketching of the front 
and sides that recede and the correspondence of all lines towards the center of the compass.’’    

 
Figure 4.4 shows a remarkable fresco discovered in 1961 in the ‘Room of Masks’ (located in 
the House of Augustus on the Palatine Hill, Rome). The fresco is a little more than 2,000 
years old and provides a clear indication of the use of a central vanishing point. As noted in 
Section 1.6.1, the formation of a perspective view assumes a certain viewpoint (we return to 
this later in the section) and - especially in the case of larger paintings - the person viewing the 
work may be located at a considerable distance from that assumed by the artist.  
 
 

 

Figure 4.2: ‘Maqam of al-Hariri: Stopping by a 
Village’ is attributed to Yahya ibn Mahmud 
al-Wasiti and dates back to the thirteenth 

century. 
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In this context, Russo remarks: 
 

‘…it [central perspective] is not well suited to big wall paintings; even modern artists have 
often ignored central perspective in large murals, to avoid the glaring deformations that would 
appear in the peripheral areas to those not looking from the unique “correct” viewpoint.’ 

 
Samuel Edgerton [1976] discusses the nature of the transition brought about by the 
application of geometric techniques to image depiction on a 2D surface, and writes: 
 

‘Today we are the tired children of their discovery; the magic of perspective illusion is gone, and 
the “innate” geometry in our eyes and in our paintings is taken for granted. Linear perspective 
has been part and parcel of psyche and civilization for too many centuries…’ 

 
Indeed, we often take the presence of perspective for granted (see, for example, the images 
reproduced in Figures 4.5 to 4.8), assured by our knowledge that it is an inherent part of the 

  

Figure 4.3: A fifteenth century painting depicting the execution 
of Sainte Valérie. Note the lack of perspective, shadows, and 
shading (chiaroscuro). Here, facial expressions and posture are 
particularly evocative. (Reproduced by kind permission of Mme 
Cécile Creuzon, Mayor of Chambon-sur-Voueize, France. The 
work is located in the Abbatiale Ste. Valérie.) 

Figure 4.4: A fresco discovered in 1961 in the ‘Room of Masks’ - 
located in the House of Augustus on the Palatine Hill in Rome. 
The fresco is approximately 2,000 years old and provides a clear 
indication of the use of a central vanishing point (this can be 
quickly verified with ruler and pencil). 
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physical world - simply a matter of optics and elementary geometry. However, it is an illusion 
- as much so as the transparency of the glass in the window before me, the opacity of the 
surrounding wall, and the colour of today’s snow-laden, and rather bleak, winter sky. It is 
perhaps only when we see imagery in which real-world perspective space is in some way 
distorted (or absent) that we are reminded of the important role it plays in defining the 
manner in which we perceive our surroundings. 
 

4.2.1 Early Sculpture and Architecture 
It appears that pre-Renaissance artists had much less difficulty in performing accurate 3D 
renditions when working directly in a 3D space – as is the case with both sculpture and 
architecture. Traditional sculpture (see, for example, Figures 4.9 to 4.13) generally assumes no 
particular vantage point and various depth cues are implicitly associated with the final work. 
In contrast, the painter has to encode all necessary depth cue information within a scene and, 
when geometrically accurate perspective is incorporated, must assume a certain viewing 
position (this is also the case with some forms of creative 3D display system).  

Building on the techniques that were formalised and disseminated during the Renaissance 
period, artists gradually became proficient in creating works of art that exhibit and even 
transcend photorealism – see, for example the images depicted in Figures 4.14 to 4.17.  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 

Figure 4.5: An example of an early Renaissance painting – ‘The Flagellation of Christ’ (circa 
1455–1460) by Piero Della Francesca. Note the incorporation and exploitation of a 
geometrically accurate perspective framework. 
 
 

 
 

 
 

 



Chapter Four  •   Historical Perspective                                                                                                      109 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.6: ‘The Last Supper’ by Leonardo da Vinci (circa 1495). Here, the perspective 
framework is emphasised and plays a central (and somewhat dominant) role in the 
artist’s work. 
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Figure 4.7: ‘The Birth of Mary’ by Domenico Ghirlandaio (circa 1488). 
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Figure 4.8: ‘The Wedding of the Virgin’ by Sanzio Raffaello (Raphael) circa 1504. 
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There are countless examples demonstrating the ability of pre-Renaissance visionaries to 
envisage and create remarkable architectural structures. The ancient Abbatiale Ste. Valérie 
here in France provides a convenient and typical example of such work (see Figure 4.18). 
Durham Cathedral in England provides a further useful example since in the early 1990’s it 
was the subject of an engineering analysis, described in a brief but informative book by the 
Reverend Michael Jackson [1993]. Work is reported to have commenced on this mighty 
edifice in 1093 - a project that, in the first instance, was to last nearly 150 years. One can only 
speculate on the form and detail of the plans and drawings that may have been prepared in 
order for those concerned to envisage the immense 3D structure that was to be constructed. 
To what degree were details such as arches and the fine ceiling structures (see, for example, 
Figure 4.19) sketched, were physical models used, or did detail simply evolve over time as 
building proceeded? 

In keeping with the transdisciplinary nature of this book, it is perhaps appropriate to 
include the following reflective and eloquent passage written by the late Jean Jamot in 
connection with the history of the Abbatiale Ste. Valérie: 
 

‘Before such a beautiful building we must pay homage to the builders of the Middle Ages, 
those veritable artists with no name, ancient ancestors of our Limousin masons who used to 
travel from town to town offering their services to those who paid the most. It is believed that 
they were actually businesses, sorts of societies of friends who for the most part came from the 
Toulouse region and within which could be found available the services of those who had 
conceived of the ideas, those who cut the stones, sculptors, carpenters, all perfect masters of 
their art. The workforce at the time was perhaps recruited on the spot by the authorities 
from amongst the population of lowly workers who transported the materials. The genius of 
these inspired builders surpasses modern techniques because they were building out of their 
faith and their hearts, aiming to please both the eye and the ear: majesty, balance, 
breathtaking assembly of the whole, harmony, elegance, purity of line and solemnity of 
decoration imposed by the use of granite, that hard and noble stone… 

But we must also admire the knowledge and instinct that put together walls and 
vaults fit to amplify magnificent Gregorian chants and holy music – as if the sounds come 
from everywhere and from nowhere. 

Within this incredible setting we find - particularly in the sanctuary of the choir stalls 
– shadows playing, and the silence that leads to meditation, acceptance, and peace, even 
while the sun paints a fairyland of colours through the stained glass windows. 

If the ancient stones, the vaults, the bells were marking the passage of time, they would 
evoke without doubt the noise of horses’ hooves, or the din of carriages on the paving stones, 
the familiar song of artisans’ tools in their shops, the monotone of prayers and psalms or the 
poignant beauty of Gregorian chants, the cries of beggars sitting under the church porchway; 
they would also awaken other memories – the shouts of revolutionaries at the meetings of the 
people, the wailing of the newly baptised infant, the wavering songs of the new 
communicants, the joyous celebration of marriages, the knell of the funeral bells or the bells 
sounding the alarm at the approach of danger: a whole lifetime of labour and faith, of 
religious or political fervour, happy events, but also wars, raids, epidemics, catastrophes, all 
marked by the daily rhythm of the bells, eight centuries of joys and dramas, laughter and 
tears, life and death, watched over by this church.’2 

                                                
2 Loose translation intended to retain the spirit of the original text which reads: ‘Devant un aussi bel édifice, on se doit 
de rendre homage aux bâtisseurs du Moyen Age, véritable artistes anonymes, lointains ancêtres de nos maçons limousins, et qui 
allaient de ville en ville, s’offrant aux mieux payants. Il s’agissait, croit-on, de véritable entreprises, sortes de sociétés 
compagnonniques dont la plupart venaient de la région toulousaine et qui disposaient des services de concepteurs, de tailleurs de pierre, 
de sculpteurs, charpentiers, mâitrisant parfaitement les techniques. La main-d’œuvre courante était peut-être fournie sur place par le 
prévôté et recrutée parmi la population des serfs charges du transport des matériaux. Le génie de ces bâtisseurs inspirés pouvait se 
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passer des techniques modernes, car ils construisaient avec leur foi et leur cœur, soucieux du plaisir de l’œil et de l’oreille : majesté, 
équilibre, audace de l’ensemble, harmonie, élégance des formes, pureté des lignes et sobriété de la décoration imposés par l’usage du 
granit, dure mais noble pierre. Ce sont les caractéristiques de l’art roman limousine, né de l’alliance entre une race de créateurs et le 
matériau en place: “Par sa robustesse, il brave le temps et demeure, vis-à-vis des bâtisseurs et des croyants, un symbole de fidélité”. 

Mais il faut aussi admirer le savant agencement des ensembles afin que les murs et les voûtes restituent, en les amplifiant, les 
magnifiques chants grégoriens et la musique sacrée …. Comme si les son s’élevaient de partout et de nulle part. 

Dans ce cadre exceptionnel, on découvre, et plus particulièrement sensibles dans le sanctuaire et le pourtour du chœur, les jeux 
d’ombre et le silence qui prédisposent à la méditation, au recueillement et à la quiétude, alors que le soleil allume une féerie de teintes 
à travers les vitraux. 

Si les vielles pierres, si les voûtes, si les cloches contaient le passé, elles évoqueraient sans doute le bruit des sabots des chevaux ou 
le fracas des charrois sur les pavés, le chant familier des outils des artisans dans leurs échoppes, le murmure monotone des prières 
psalmodies ou la poignante beauté des chants grégoriens, les plaintes des mendicants assis sous le porche de l’église; elles réveilleraient 
aussi d’autres souvenirs: les éclats de voix de révolutionnaires lors des réunions des societies populaires, le vagissement du bébé baptisé, 
les chants mal assures des communiantes, la célébration joyeuse  des mariages, le glas des cérémonies funèbres ou le tocsin à l’approche 
du danger: toute une vie de labour et de foi, de ferveur religieuse ou politique, d’événements heureux, mais aussi de guerres, de 
pillages, d’épidémies, de catastrophes, rythmée par les sonneries quotidiennes, huit siècles de joies et de drames, de rires et de larmes, 
de vie et de mort, auxquels cette église a survécu.’ [Jamot 1995] (English language translation by courtesy of Patricia 
Walker.) 
 

Figure 4.9: An example of a 
finely crafted sculpture dating 
back to circa 260 B.C. As with 
the sculptures illustrated in 
Figures 4.10, 4.11 and 4.13, it 
is evident that in classical times 
modelling within a physical 3D 
space was found to be more 
intuitive than accurately 
mapping 3D perspective space 
onto a 2D tableau. 
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Figure 4.11: Roman Emperor Geta 
crafted in marble and measuring ~66cm 
in height. This sculpture dates back to 

the third century A.D. 

Figure 4.12: The head of the ‘Virgin of 
Pity’, crafted somewhat later than 
those sculptures illustrated in the 
previous figures (late fifteenth 
century). 

 

Figure 4.10: Crafted in marble, 
this sculpture (circa first/second 
century A.D.) is believed to 
depict Ariadne, the daughter of 
King Minos of Crete, who was 
abandoned on the island of 
Naxos by Theseus after helping 
him to defeat the Minotaur. The 
Roman sculptor has based this 
on an original Greek work 

crafted several centuries earlier. 
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Indeed the wide-ranging artistic skills and craftsmanship of pre-Renaissance artists cannot be 
doubted. Similarly, the realism exhibited in sculptures (crafted in materials such as marble, 
granite and wood) shows that from the earliest times our ancestors could achieve almost 
flawless excellence when working within a physical 3D space. However, when we view early 
paintings, we are left with the impression that the mapping of perspective space onto the 2D 
tableau was problematic. Here, of course, we are assuming that the intention of early artists 
was to mimic real world perspective.  If indeed this was the case, then we can conclude that 
the mapping is by no means intuitive and is, for the majority at least, a skill that must be 
learned. Interestingly today when performing, for example, creative computer-aided design, 
we generally work within the confines of a 2D design space and assume that the cognitive 
processes needed to map (and so envisage) a 2D design in its ultimate 3D form are intuitive. 
Perhaps the difficulty experienced by our ancestors in undertaking the converse mapping 
provides us with an indication that this is not the case, and that the process requires 
considerable cognitive skill. 

The Catholic Church provided a strong impetus to the quest for realism in art. In ~1260, 
the English monk, Roger Bacon (1220-1292) was hard at work on his wide ranging treatise, 

 

 

Figure 4.13: These terracotta 
figures are part of a great army of 
life-size warriors, servants, 
musicians and animals discovered 
in the 1970’s in Shaanxi Province, 
China. This intricately crafted 
army, in battle formation, was 
intended to guard the First 
Emperor of the Qin Dynasty on 
his voyage to the afterlife. 
Constructed more than 2,000 
years ago, it is suggested that, 
over a period of 36 years, 700,000 
labourers were involved in the 
construction of Qin’s vast 
mausoleum.  
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Opus Majus and one passage, in essence, makes a case for depiction techniques able to support 
‘augmented realism’ (recall Section 1.5.1). The passage reads: 

 
‘Now I wish to present the ... [purpose]... which concerns geometrical forms as regular lines, 
angles and figures both of solids and surfaces. For it is impossible for the spiritual sense to be 
known without a knowledge of the literal sense. But the literal sense cannot be known, unless a 
man knows the significance of the terms and the properties of the thing signified. For in them 
there is the profundity of the literal sense, and from them is drawn the depth of spiritual 
meanings by of fitting adaptations and similarities, just as the sacred writers teach, and as is 
evident from the nature of Scripture, and thus have all sages of antiquity handled the Scripture. 
Since therefore, artificial works, like the ark of Noah and the temple of Solomon . . . it is not 
possible for the literal sense to be known, unless a man have these works depicted in his sense, 
but more so when they are pictured in their physical forms; and thus have the sacred writers and 
sages of old employed pictures and various figures, that the literal truth might be evident to the 
eye, and as a consequence the spiritual truth also. For in Aaron’s vestments were described the 
world and the great deeds of the fathers. I have seen Aaron thus drawn with his vestments. But 
no one would be able to plan and arrange a representation of bodies of this kind unless he were 
well acquainted with the books of the Elements of Euclid and Theodosius and Milleius and of 
other geometricians. For owing to the ignorance of these authors on the part of theologians they 
are deceived in matters of greatest importance ... Oh, how the ineffable beauty of the divine 
wisdom would shine and infinite benefit would flow, if these matters relating to geometry, which 
are contained in Scripture, should be placed before our eyes in their physical forms .... And for 
the sake of all things in general let us recall to mind that nothing can be known concerning the 
things of this world without the power of geometry, as has already been proved. Also a knowl-
edge of thins is necessary in Scripture on account of the literal and spiritual sense as has been 
set fourth above. For without doubt the whole truth of things in the world lies in the literal 
sense, as has been said, and especially of things relating to geometry, because we can understand 
nothing fully unless its form is presented before our eyes, and therefore in the Scripture of God 
the whole knowledge of things to be defined by geometrical forms is contained and far better 
than mere philosophy could express it ...’3  

 
Consider those living at that time within the highly influential religious community, frustrated 
by the difficulty of conveying the scriptures to an audience largely by verbal description. 
Although pictorial representations would naturally assist in this process, these failed in their 
attempts to provide realism because their narrative was generally not framed within a natural 
(perspective) space. Consequently, a gulf existed between their content and the literal message 
it was hoped that they would convey. However, it is important to bear in mind that in the 
pre-Renaissance period: 
 

‘…the function of art was not naturalistic representation, but rather the expression of spiritual 
power.’ [Field 1997] 

  
Thus, a person’s relative size and location within a scene was frequently used as a means of 
indicating their importance within the narrative that an artist wished to convey. Size could 
also be used to suggest other factors, such as spiritual significance. Thus, in Europe pre-
Renaissance artists tended to adopt a more human-centric approach, often primarily focusing 
on temporal rather than geometrically accurate spatial considerations. Clearly the temporal 
focus was essential for success in developing a work that did not simply provide a snapshot in 
time and space, but rather a narrative over time. 

                                                
3 From the translation of Opus Majus [Burke 1928], quoted in Edgerton [1976]. 
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However, it is evident from the above passage that Bacon attributed greater importance to 
adopting a proper geometrical framework within artistic religious works and, furthermore, 
understood the vital importance of the visual image in augmenting realism and in supporting 
a ‘suspension of disbelief’. 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
 

 

 
 
 
 

 
 

 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

 

 

Figure 4.14: ‘The Milkmaid’ painted 
by Dutch artist Johannes Vermeer 
circa 1658. Notice that unlike 
paintings reproduced in Figures 4.5 
– 4.8, the artist has created the 
impression of a perspective space 
with little recourse to the inclusion 
of a bold geometric framework. 
Here (and in Figure 4.15) the artist 
judiciously exploits other pictorial 
cues, especially shadows and 

shading. 

 
Figure 4.15: ‘The Astronomer’ - a 
further painting by Dutch artist 
Johannes Vermeer (circa 1668). 
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Figure 4.16: ‘L’Escarpolette’ by Jean-

Honoré Fragonard (1732-1806). 

Figure 4.17: ‘Company of ladies 
watching stereoscopic photographs’ by 
Jacob Spoel (1820-1868). 
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Figure 4.18: Left, Durham Cathedral, England and right, the Abbatiale Ste. Valérie in 
Chambon-sur-Voueize, France. Both these remarkable buildings have their origins in 
the European Dark Ages. Their immense size serves to emphasise the linear perspective 
cue to depth. See text for discussion. (Image of Durham Cathedral by James Valentine 
circa 1890. Abbatiale Ste. Valérie from ‘Almanach du department de la Creuse’, Gueret, 
Betoulle, 1806-1825.) 

 
From the earliest times through to the present we find evidence of a human desire to 
construct entities the size of which (both relative and absolute) is intended to suggest 
characteristics such as wealth, power, importance, and the like. From the ancient cathedrals 
of Europe to today’s glass-clad corporate skyscrapers which creep ever higher, it appears that 
we continue to apply an approach adopted by the pre-Renaissance artists – the narrative of 
significance being directly linked to physical scale. This is a human trait that generally 
transcends culture. By way of example, consider the Buddha statues constructed some 1,700 
years ago in the valley of Bamiyan in Afghanistan (see Figure 4.20). In connection with their 
location, Grün and Remondino [2004] write: 
 

‘For centuries, Bamiyan lay at the heart of the famous Silk Road, offering rest to caravans 
carrying goods across the area between China and Western empires. Strategically situated in a 
central location for travellers from north to south and east to west, the village of Bamiyan was a 
common meeting place for many ancient cultures…the valley of Bamiyan and its surroundings, 
…is one of the most beautiful sites and spectacular views of this world.’ 
 

The largest of these figures measured 53m in height - Knobloch [2002] describes 
construction as follows: 
 

‘The Bamiyan Buddha was created by cutting a high-relief figure into the face of the soft 
conglomerate cliff. It is possible that the niche was carved out first, using scaffold slotted into 
holes cut into the cliff, before the ambulatory galleries were carved; the scaffolding later being 
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replaced by a series of permanent wooden ladders, landings and facades. The torso was roughly 
shaped and detailing of the folds of the gown was built out by cutting lines of shallow holes from 
wooden pegs on which were hung ropes coated in thick stucco.’ 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.19: Left: a view of the structure of a vaulted roof in Durham Cathedral, 
England. Its delicately curved form is shown in the computer-generated profile 
(right). The data were obtained by means of photogrammetry. (Reproduced by 
kind permission of Professor David M. Lilley. Copyright © D. Lilley 1993.) 
 

Decorated in rich colours and adorned with wooden facemasks painted in gold, these figures 
must have been a truly awe-inspiring sight to the weary traveller. Sadly, in March 2001 as part 
of a campaign to rid Afghanistan of non-Islamic images, Taleban radicals reduced these 
ancient and noble statues to rubble.  

In the unlikely event that at a future date the Bamiyan statues are rebuilt, accurate 3D 
data concerning their original architecture will be essential. In this context, Grün and 
Remondino [2004] describe the use of photogrammetric techniques to create 3D models of 
the statues based on conventional photographic images (such as tourist photographs). A 
textured model of one of the statues is reproduced in Figure 4.21. 
 

4.2.2 An Accurate Mathematically-Based Perspective 
‘One’s belief that one is sincere is not so dangerous as one’s conviction that one is right.  

We all feel we are right, but we felt the same way 20 years ago  
and today we know we weren’t always right.’4 

 
Giotto di Bondone (1267-1337) is one of the pre-Renaissance artists who is regarded as 
having made an important contribution to 2D geometrical perspective and the evolution of 
photorealism in artistic works. As discussed in some depth by Edgerton [1991], Giotto’s work 
highlights an important transition from the European painting style of the Dark Ages to a 
visually realistic depiction of 3D perspective space. Frescoes in the upper church of San 
Francesco, Assisi, on the ‘Life of Saint Francis’ provide an example, and as indicated by 
Edgerton [1976]: 

 
‘…epitomize, it may be said, the end of the middle ages and the dawn of the Renaissance.’5 

 
A further example of Giotto’s work is the ‘Lives of the Virgin and Jesus’ in the Scrovegni 
Chapel in Padua, Italy. Within the chapel Giotto painted 53 panels as well as other details 

                                                
4 Attributed to Igor Stravinsky. 
5 In fact, there is some debate as to whether these are the work of Giotto. 
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covering the walls. Pictorial depth cues such as height in the visual field, shading, and linear 
perspective are used convincingly in these images (recall Figure 4.1).6 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
There can be little doubt that the enhanced realism exhibited in Giotto’s work would have 
influenced artists of that time. However, the degree to which Giotto understood the theory of 
perspective is unknown. As a gifted practitioner he may have simply drawn upon his natural 
talent, thereby enhancing realism through the incorporation of perspective space without 
recourse to theory. 

It is widely accepted that the first known demonstration of an accurate, mathematically-
based perspective, was performed by Filippo Brunelleschi (1377-1446). This demonstration 
probably took place at some time between 1410 and 1425. Brunelleschi was an architect and 
therefore had a mathematical background (particularly a familiarity with geometrical 
construction). His demonstration of the accurate application of mathematical techniques to 
the translation of 3D perspective space to the 2D tableau, centres on two paintings. One of 
these was of a Florentine Baptistery and is better documented because, although long since 
lost, it was described in some detail by Brunelleschi’s biographer Antonio di Tuccio Manetti 
(apparently on the basis of first-hand knowledge). 

Interestingly, the panel painted by Brunelleschi was not intended for direct viewing - but 
in the manner illustrated in Figure 4.22. Parts of Manetti’s description concerning this 
demonstration are outlined by Martin Kemp [1978]: 
 

                                                
6 Details and pictures of the Scrovegni chapel can be found at http://www.cappelladegliscrovegni.it/. (Last 
visited January 2011.) 

Figure 4.20: The Buddha 
statues crafted circa 300 A.D. in 
the valley of Bamiyan in 
Afghanistan. This drawing was 
made by Alexander Burnes in 
1832. In March 2001, the 
statues were deliberately 
destroyed by Taleban radicals.  

 

Figure 4.21: A textured 3D model of the largest of the Bamiyan 
statues. (Reproduced by permission from Grün and Remondino 

[2004].) 
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‘The necessary conditions for viewing were that the spectator should peep from the back of the 
panel through a small hole at a mirror, in such a way that the painted surface was visible in 
reflection ...The peep-show system was used because the painter needs to presuppose a single 
place from which the painting must be viewed….’ 

 

One of the most important aspects of this viewing technique is the explicit acceptance of the 
fact that an accurate construction of linear perspective assumes a single specific viewpoint. 
However this does not explain the use of a mirror and perhaps the inclusion of this optical 
arrangement was for other reasons. Edgerton [1976] discusses the possibility that the painting 
may have been created not with the artist facing the Baptistery, but rather from its image 
reflected in a mirror. If this were the case (and Kemp [1978] highlights the difficulty of 
painting from a reflected image), then the painted image would have been laterally inverted. 
The correction of this inversion could have been the reason for viewing the painting via its 
reflection. Various other suggestions have been made and in considering these it is important 
to remember that mirrors in use at that time differed greatly in quality to those that we take 
for granted today. Edgerton [1976] makes various speculations including: 
 

‘The shrewd master may have realised something which has received attention from perceptual 
psychologists in recent times: that perspective illusion is strong only when the observer’s 
awareness of the painted picture surface is dispelled. When the viewer loses his “subsidiary 
awareness” as the phenomenon is now called, he tends to believe the picture surface does not 
exist and that the illusionary space depicted is actually three-dimensional.’ 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.22: The technique said to have been used for viewing the two paintings 
created by Filippo Brunelleschi (1377-1446). These are commonly believed to have 
incorporated the first known demonstration of an accurate, mathematically-based 
perspective space. The painting was not viewed directly but via a hole cut through its 
centre. The observer then viewed the reflection of the painting. Various suggestions 
have been made concerning possible reasons for the adoption of this technique (see text 
for discussion). Also note that this approach precludes stereoscopic viewing and 
provides an ‘immersive’ experience. 

 
Whatever the reason (further discussion is included in the Section 4.3.1), Brunelleschi’s use of 
a ‘peep-show’ system mimics today’s immersive display paradigm and precluded the binocular 
viewing of his images.7 Perhaps this was intentional, or perhaps as an illusionist he simply 

                                                
7 When allowing others to judge his painting (by comparing it with the physical Baptistery), he may have 
encouraged them to view each through the hole in the painting (i.e. mirror present and mirror absent). In this 
case, both would have been observed without stereopsis. Naturally, this could have enhanced the perceived 
realism of his painting. 

Plan View 

Mirror 

Viewing hole 

Painting 

Painted surface 
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enjoyed a little showmanship – the optical arrangement adding to the viewing sensation and 
blurring likely image defects! 
 

4.2.3 The Centre of Projection 
‘Between the idea and the reality 

Between the notion and the act 
Falls the Shadow.’8 

 
The difficulties of accurately reconstructing 3D spatial relationships from images rendered on 
a 2D medium are exacerbated when the image is not viewed from the correct position.9 In 
this context, Michael McGreevy and Stephen Ellis [1984] created a simple display 
environment intended to evaluate aspects of the reconstruction process. A conventional 
display screen was used to depict images of the type illustrated in Figure 4.23. Here, the two 
cubes represent aircraft located above a grid, and in trials participants were asked to judge the 
azimuth and elevation angles between the reference cube (their own plane - appearing at the 
centre of the display screen) and the target (the cube positioned to one side). As discussed by 
McGreevy and Ellis, the 2D projection varies dramatically in appearance as the field of view 
is changed (Figure 4.24). Not only did McGreevy and Ellis conduct trials in which this was 
varied but they also considered the effect of the participant not viewing the image from the 
intended centre of projection – see Figure 4.25. (Here we can see the wisdom (intended or 
otherwise) of Brunelleschi’s image depiction technique which constrained both viewing 
distance and lateral position.) The results reported by McGreevy and Ellis are well worth 
examining (see also McGreevy et al. [1986]), and in connection with the importance of 
viewing a 2D rendition from the correct location, they write: 
 

‘When the eye is not at the geometrically correct station point the projectors are effectively bent at 
the point where they pierce the viewing screen. We call this the “virtual space effect”. If the 
subject assumes that all projectors are straight, just as they are when looking through a window, 
then the apparent 3D scene will differ from the true 3D scene. We call the subject’s assumption 
the “window assumption”.’ 
 

4.3 THE TRANSITION TO PERSPECTIVE IN PAINTING 
‘One of the strongest motives that lead men to art and science 

is escape from everyday life with its painful crudity and hopeless dreariness, 
from the fetters of one’s own ever-shifting desires.  

A finely tempered nature longs to escape from the personal life 
into the world of objective perception and thought.’10  

 
It is instructive to continue discussion presented in the previous section and briefly consider 
broader issues that led to the incorporation of a geometrically accurate linear perspective, and 
which ultimately enabled artists to achieve (and even transcend) photorealism. In connection 
with this history, there are those who focus their arguments on the importance of the re-
emergence of classical texts. For example, it is recognised that following the collapse of the 
Roman Empire many Greek writings were essentially lost to Europe, but from around about 
the twelfth century they were rediscovered via Arabic translations. In the intervening 
centuries copies of many such texts had been maintained in the Islamic world, where Arabic 
scholars made additional contributions. Both the climate of scientific enquiry as well as these 
writings may have helped fuel approaches to the more accurate representation of perspective 

                                                
8 T.S. Eliot. 
9 For related discussion see, for example, Reis et al. [2009]. 
10 Attributed to Albert Einstein (1879-1955). 
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space [Edgerton 1991]. Certainly, sooner or later, the geometric rigour present in some Greek 
texts is likely to have been influential in the development of accurate perspective. The firm 
understanding of planar and solid geometry present in classical Greece is perhaps exemplified 
by the longevity of Euclid’s Elements. From about 300 B.C., Euclidean geometry was also 
applied to the study of vision in Euclid’s Optics [Burton 1945, Howard and Rogers 1995]. 
This included a number of theorems that essentially encapsulate descriptions of how we see 
the world around us, including concepts that we would now describe in terms of motion 
parallax, the horopter (see Section 6.4.1), and perspective effects relating to the visual cone.11 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.23: The type of scene employed by McGreevy and Ellis for trials concerning 
our ability to judge and extract information from a 3D image depicted upon a 
conventional 2D display. The cube at the image centre represents the viewer’s ‘own’ 
aircraft and the other (in this case, the cube towards the upper left) represents the target. 
Participants judge the azimuth and elevation angles of the target as measured from their 
own aircraft.  They indicate their responses using the two ‘dials’ shown on the right-
hand side. (After McGreevy and Ellis [1984].) 

 
The work of Claudius Prolemaeus Ptolemy (85-165 A.D.) contains the application of 
mathematics (as well as experimental observations) to various fields including astronomy, 
cartography, and optics [Toomer 1970]. Unfortunately, many of his works survive only as 
(partial) translations of translations. Nevertheless, Ptolemy appears to have considered several 
aspects of vision including the size and positions of objects reflected in mirrors, and applied 
single-point perspective projection to map the surface of the Earth onto a 2D plane. 
Edgerton [1976] argues that this was a crucial influence in the discovery of perspective 
mapping schemes in fifteenth century Florence. 

However, in general, the extent to which such texts influenced the development of 
geometric techniques in the fourteenth and fifteenth centuries remains a matter of 
considerable debate. Martin Kemp [1978] writes: 
 

 ‘…even in their own terms, both medieval optics and classical cartography possess severe 
limitations as potential sources for Brunelleschi.’ 

 
 
 

                                                
11 For interesting discussion on Euclid’s Optics, see Brownson [1981], and Knorr [1991]. 
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Figure 4.24: As indicated by McGreevy and Ellis in relation to trials concerning our 
ability to judge and extract information from an image depicted on a conventional 2D 
display, the scene appears to change dramatically as the field of view in varied. This 
impacts on our ability to accurately extract information. Here, the same scene is shown 
for four different fields of view (fov). Viewing distance and location remain fixed. (After 
McGreevy and Ellis [1984].) 

 
Setting this matter to one side, we can certainly envisage those with inquiring and creative 
minds studying existing works of art such as those attributed to Giotto, where perspective 
was not incorporated in a consistent manner. Surely they would have wondered why some 
objects appeared more or less realistically rendered than others. Equally they would have 
considered the degree of realism achieved through the positioning of objects within a scene. 
As discussed, Filippo Brunelleschi is credited as having made the major step forward in his 
two lost paintings. We cannot know for sure how this feat was achieved - perhaps as an 
architect his insight was acquired as he drew plans of classical structures, or perhaps available 
texts played an important part. Certainly he would have been assisted by the general cultural 
climate of the time; the quest for the visually realistic portrayal of 3D perspective space in the 
medieval and Renaissance periods was a part of a broader shift in thinking - it was an age of 
enlightenment (see Edgerton [1976, 1991] and Lindberg [1976]). We cannot be absolutely 
certain as to the role played by his mirror during the painting process. Indeed it is possible 
that his images were painted directly onto the mirror’s surface (this would have been 
equivalent to employing the camera obscura - see Section 4.7). Clearly had this been the case 
the degree to which he understood the relevant geometrical constructions would be thrown 
into question. 

 

4.3.1 Brunelleschi Revisited 
John Lynes [1980] discusses Brunelleschi’s demonstration of the use of accurate 
mathematically-based perspective techniques (recall Section 4.2.2) and considers the notion 
mentioned above concerning the possibility that the image was painted directly onto the 
surface of a mirror - in which a reflection of the Baptistery was visible. Had this been the 
case, then Brunelleschi’s reputation of being the first to employ accurate geometrical 
constructions for mapping perspective space onto a 2D tableau would be quite unfounded.  

Of course, the use of this mirror technique would have given rise to a laterally reversed 
image. Here, Lynes proposes two possible scenarios: 

 
1. Brunelleschi may have selected the subject (the Baptistery) on the basis that it 
demonstrated a high degree of vertical symmetry. 
 
2. The incorporation of a mirror as part of the viewing apparatus (recall Figure 4.22), would 
have caused a further lateral inversion – thereby negating the original inversion. 
  
If indeed Brunelleschi formed his painting on a mirrored surface, he guarded his secret well. 
Lynes refers to Prager and Scaglia [1970] who quote from text attributed to Brunelleschi: 

               fov=90                       fov=120 (wide angle lens)   fov=30 (telephoto lens)                  fov=60 
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‘Do not share your inventions with many, share them only with the few who understand and 
love the sciences. To disclose too much of one’s inventions and achievements is one and the same 
thing as to give up the fruit of one’s ingenuity. Many are ready, when listening to the inventor to 
belittle and deny his achievements, so that he will no longer be heard in honourable places, but 
after some months or a year they use the inventor’s words, in speech or writing or design.’ 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 4.25: An illustration of the ‘virtual space effect’ described by McGreevy and 
Ellis [1984]. The geometry depicted here indicates the impact of viewing the display 
screen from a location that differs from the designated centre of projection (COP). 
Consider two image points (P1 and P2). These are mapped through the display screen to 
the COP. Thus P1 gives rise to a location on the display screen denoted S1 and similarly 
P2 to a point denoted S2. When the screen is viewed from a position that differs from 
the COP, P1 appears to be located on the line segment lying between S1 and P3. Similarly 
P2 appears to lie on the line segment located between S2 and P4. 

 
It is also intriguing to speculate on the motivation that lay behind Brunelleschi’s 
demonstration. Perhaps he was influenced by Roger Bacon’s plea for the augmented 
realism. However, as indicated in Section 4.2.1, Bacon was writing approximately 160 
years before Brunelleschi’s demonstration, and nearly 200 years before Leon Battista 
Alberti wrote his treatise on painting (see the next section). In today’s rapidly changing 
world, it is difficult to appreciate that Roger Bacon’s remarks could have remained both 
topical and applicable after so many years. But then we cannot necessarily apply our 
concept of time (or other notions) to those living so long ago. Today we seek instant 
results in practically every area of endeavour - we could not conceive of a modern 
building project spanning generations. However, it would appear that our ancestors’ 
participation in the construction of great churches and cathedrals was driven by faith, 
sufficient in itself, and compared to which issues such as time and effort were largely 
overshadowed.12  

  
 

                                                
12 For further informative discussion on the work of Brunelleschi see, for example, Edgerton [1976], Wittkower 
[1953], and Argan [1946]. 
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4.4 GEOMETRY FOR LINEAR PERSPECTIVE 
‘The poet’s eye, in a fine frenzy rolling, 

Doth glance from heaven to earth, from earth to heaven; 
And, as imagination bodies forth 

The forms of things unknown, the poet’s pen 
Turns them to shapes, and gives to airy nothing 

A local habitation and a name.’13 

 
Giotto’s work provides a good example of (literally) the ‘state of the art’ in the early 
fourteenth century. Just over 100 years later, the first known set of rules for accurately 
depicting linear perspective were set down in Florence. As discussed by Edgerton [1976], the 
question of whether this represented discovery or rediscovery remains the subject of debate. 
As described above (and despite the uncertainties alluded to) it is widely accepted that the 
first known demonstration of an accurate, mathematically-based perspective was performed 
by Filippo Brunelleschi some time between 1410 and 1425 [Edgerton 1976, Lindberg 1976]. 
The earliest surviving pictures that make use of Brunelleschi’s method are by fellow 
Florentines, Masaccio and Donatello and date from approximately 1425 [Edgerton 1976]. 

The use of accurate perspective became more widely known through Leon Battista 
Alberti’s book Della Pittura (‘On Painting’, 1435).14 Here a methodology that a painter could 
follow to obtain a geometrically accurate perspective image on canvas etc. was set out [Ivins 
1973, Edgerton 1976]. This began with a system of construction lines and marks on the 
tableau, which served to guide the placement of elements within the composition. Alberti’s 
system includes: 
 

 A central vanishing point at which converging guidelines meet. 

 A horizontal (horizon) line passing through the vanishing point. 

 Setting the horizon and vanishing point at the same vertical position as that of the heads 
of human figures in the picture. (This was assumed to correspond to the eye level of a 
person viewing the work.) All people were then depicted with their heads at 
approximately the same level, their feet higher, and overall size smaller in accordance with 
increasing distances from the viewer. This reflects the horizon line being at eye level in 
our typical everyday viewing experience. 

 Forming vertical divisions along lines of convergence corresponding to steps of equal 
distance away from the observer. These were obtained by setting the effective viewing 
distance such that the depth depicted appeared as shallow or as deep as desired. 

 
These ideas are most readily understood by reference to a simple example. Let us suppose 
that we wish to create a floor comprising square tiles within a 2D perspective space. As 
indicated in Figure 4.26(a) we begin by defining the horizon and central vanishing point (C). 
A series of lines are then drawn which indicate the location of tile edges that lie perpendicular 
to the plane of the picture. These lines (‘orthogonals’) are drawn so that they converge to the 
vanishing point – see Figure 4.26(b). Finally, it is necessary to create a set of horizontal lines 
(the ‘vertical divisions’ referred to above) corresponding to the edges of the tiles lying parallel 
to the plane of the picture. We will refer to these lines as the ‘transversals’. Their location is 
determined by first extending the line that defines the horizon by a length corresponding to 
the distance of the assumed viewing location from the painting. This is illustrated in Figure 
4.26(c) where the line segment ON has been included. A series of lines are then drawn from 

                                                
13 William Shakespeare, ‘A Midsummer Night’s Dream’, Act V, Scene I.  
14 Della Pittura is the title of the Italian version of Alberti’s book. He also produced a Latin version, De Pictura. 
There are some slight differences between the two versions. 
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point O to the points at which the ‘orthogonals’ intersect the lower edge of the picture. The 
‘transversals’ can then be inserted as a set of lines that lie parallel to the horizon – each being 
located at the point at which the lines drawn from O intersect the vertical (right-hand) edge 
of the picture. This process is further clarified in Figure 4.27.  

 
 
 
 
 
 
 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

(c) 
 

Figure 4.26: A simple example showing aspects of Alberti’s methodology for creating 
a geometrically accurate 2D perspective space. The diagrams show the construction 
lines used to generate a perspective view of a floor comprising rectangular tiles. In (a) 
the horizon and vanishing point (C) are indicated. In (b) a set of ‘orthogonals’ are 
added – these indicate the locations of the edges of the tiles lying perpendicular to the 
plain of the image. Finally in (c) a set of transversals are added. The length of the line 
segment ON corresponds to the assumed viewing distance. The set of points at which 
the lines drawn from O to the lower ends of the orthogonals cross the right-hand side 
of the diagram denote the vertical heights of the transversals (also see Figure 4.27). 
 

This approach represents a form of one-point perspective (i.e. the geometry is defined with 
respect to a single vanishing point). As this perspective technique became more widespread, 
variants on this system - including two and three-point perspective - were developed. For a 
further example of the application of vanishing points, see Figure 4.28. 

Alberti also described the ‘velo’ (veil) method. This enables an artist to capture a visually 
accurate representation of a scene on a 2D canvas by using a matrix of grid lines (such as 
might be provided by a grill or loosely woven veil) positioned in front of the subject 
[Lindberg 1976, Edgerton 1991]. Mapping the visual content of each square (as seen from a 
fixed viewing location) onto a corresponding area of the canvas was extremely useful in 
forming a visually realistic rendition of the subject. Effectively, it provided a mapping of the 
3D perspective space onto a 2D coordinate grid on the canvas. An illustration by Dürer 
showing Alberti’s velo method is provided in Figure 4.29. 

 

N O 

C C 

C 

(a) (b) 
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Figure 4.27: Here, the diagram presented in Figure 4.26 is shown as a side elevation 
view. The length of the line segment ON corresponds to the assumed viewing distance 
(Point O corresponds to the Centre of Projection (COP).) As can be seen, a set of lines 
are drawn from tile edges (lying parallel to the plane of the picture) to the COP. The 
points at which these lines intersect with the picture plane are used to place the 
transversals. 

 
The works of artists such as Leonardo da Vinci (recall Figure 4.6) and Albrecht Dürer from 
the late fifteenth and early sixteenth centuries (within one hundred years of Alberti’s treatise) 
demonstrate an outstanding mastery of both perspective and other pictorial depth cues. The 
ability to create geometrically accurate images coupled with the development of printing 
techniques catalysed advancement in many areas of human endeavour - especially in science 
and medicine. In Figure 4.30, we reproduce several drawing by Andreas Vesalius (1514-1564) 
which were included in his influential work De Humani Corporis Fabrica.15 Other exemplar 
images are depicted in Figures 4.31 and 4.32. 

Ultimately, artists gained the skills needed to create on the 2D tableau photorealistic 
reproductions of the 3D world. With these skills came the opportunity to incorporate their 
own interpretations of physical, mental, and emotional imagery. As with the virtual worlds we 
now seek to create, the artist who possesses the necessary skills and talents can create images 
the form and content of which are bound only by that most precious possession (for better 
or worse) - human imagination. 
 

4.5 EVOLVING IDEAS OF VISION AND PERCEPTION 
At the time that Brunelleschi and others were initiating the use of linear perspective schemes 
to accurately map a 3D perspective space onto a 2D surface, the image-forming properties of 
the human eye were not understood. The precise manner in which the eyes receive images of 
the world, and theories of vision generally, remained the subject of much debate. One of the 
main issues in the philosophy of visual perception at that time concerned whether vision was 
an intromissive process (rays or other information entering the eye), or an extromissive process 
(involving ocular beams or rays emitted from the eye) - or indeed to what extent an 
intermediate medium was necessary. When classical and Arabic texts became more generally 
available (from about the twelfth century), they provided a wealth of different theories on the 
mechanisms which underpin our sense of sight [Edgerton 1976, Lindberg 1967, 1976]. 
 
 

                                                
15 De Humani Corporis Fabrica: On the Fabric of the Human Body. 

Assumed viewing 
location (COP) 

O N 

Locations of tile edges lying parallel 
to the plane of the picture 

Plane of the 
picture 

Locations of 
transversals 
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Left: A sketch of a house which we assume is to be recreated via a 
computer using the rules of perspective geometry. We begin by 
deciding upon the placement of the house with respect to the horizon 
(eye level), the position of the point P (which is to denote the 
geometric origin) and the orientation of the x, y and z axis.  

Above: Two vanishing points F1 and F2 are marked on the horizon (eye level) line and P is positioned 
at the chosen location. Here, the y axis intersects F1 and the x axis intersects F2. Consequently, in the 
perspective view, the x and y axis are not generally orthogonal. We begin the basic construction – the 
small circles denote positions of key lines that are to be used in the formation of the perspective view 

(see enlargement below). 

 

 

Left: Construction proceeds. All lines which, in 
physical space, are parallel to the x-axis converge at 
F2 (irrespective of their height above or below the 
x-y plane). Similarly lines which in physical space 
are parallel to the y-axis converge at F1. Lines 
which lie at an angle to the x-axis (i.e. can be 
mapped onto the x-axis through a rotation about 
the y-axis) converge at points above or below F2. 
For example, note the convergence of the sloping 
lines which define the location of the roof in the 
main part of the house. These converge at points 
A1 and A2. Since both the front and rear surfaces 
of the roof are to have an equal slope, distances 
F2-A1 and F2-A2 are equal. In contrast, the roof 
of the small extension to the house has a greater 
slope and therefore distance F1-B1>F2-A1.  
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Figure 4.28: Stages in the construction of a perspective view of a simple house. 
(Diagrams reproduced by kind permission of Professor Rüdiger Hartwig. Copyright © 
R.Hartwig 2010.) 

 
 
 

 

 
 

Left: A further view of the perspective 
construction.  

 

Above: Lines that are parallel to the x-y plane (in physical space) – but which are not parallel to either 
the x or y axis, converge to points on the horizon line. This is indicated in the convergence of the 
horizontal lines that form the upper and lower sides of the windows in this circular building (Café 
Pudding, Island of Wangerooge, Germany.) 

Left: The determination of the angle of intersection of 
the two roofs. 
 
 Below: The completed diagram. 
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Figure 4.29: A woodcut by Albrecht Dürer (1525) showing Leon Battista Alberti’s velo 
method, which subdivides the overall image scene into a set of simpler image 
components. In the limiting case, each image element (mesh hole) would correspond to 
the pixel employed in today’s electronic displays. Naturally for this approach to work 
correctly the artist must maintain a single viewing position, and it is for this reason that 
Dürer shows the artist employing a vertical pointer by which the viewpoint is defined.  

 

Manuscripts from classical Greece alone provided a variety of philosophies of vision and it is 
instructive to briefly consider some of these ideas.16 One school of thought held that all 
objects continually emit thin images of themselves (known as simulacra or eidola), and it is 
these that give rise to visual sensation when they enter the eye. Some philosophers in this 
tradition thought that the intervening air must participate as an active medium - the visual 
image consisting of ‘consolidated air’ between the object and the observer. Plato proposed 
that a ‘visual fire’ is emitted from the eyes and combines with light to form an active visual 
medium that serves to transmit the visual characteristics of an object to the observer. 
Aristotle, however, rejected the idea of the emitted simulacra by arguing that these would also 
be physical bodies of some kind, thus emitting their own simulacra, and so on! He also 
disagreed with the suggestion that ocular beams are emitted from the eye on the basis that 
these would need to reach extremely distant objects (such as stars). On the other hand, 
Aristotle did, it seems, think that vision proceeded by objects affecting the state of a pervasive 
transparent medium by means of which the observer ‘senses’ the visual state of the object. 
Aristotle’s writings on vision comprise one of the earliest surviving in-depth studies on the 
subject and as with many of his other philosophies were extremely influential in medieval 
Europe. It was not until the work of Kepler in the sixteenth century that the intromissive/extro-
missive argument concerning the process of vision was finally laid to rest. 
 
 
 
 
 
 
 
 

                                                
16 Texts such as Lindberg [1976] provide a thorough discussion of these and later theories of vision. 
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Figure 4.30: Reproduced from ‘De Humani 
Corporis Fabrica’ (circa 1542) by Andreas Vesalius 
(1514-1564). This influential work advanced 
Western medicine and was underpinned by 
Vesalius’ skills in bringing together cadaver 
dissection techniques and Renaissance 
methodologies – thereby enabling 3D structures 
of the body to be accurately depicted within a 2D 
space. (Images reproduced courtesy of The 

National Library of Medicine, USA.) 
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Figure 4.31: The case made by the English monk Roger Bacon in the thirteenth 
century (see Section 4.2.1) for the development of artistic techniques that would 
advance the teaching of the Scriptures was realised in the Renaissance period. Artists 
gained the ability to create religious works which provided an easily understandable 
visual insight into biblical narratives.  Top, a rendition of the Last Supper (artist 
unknown, circa eighteenth century) and below, two altar panels by J.B. Amaranthes 
located in the Abbatiale Ste-Valérie of Chambon-sur-Voueize. (Reproduced by kind 
permission of Mme Cécile Creuzon, Mayor of Chambon-sur-Voueize, France.)  

 
One of the most influential texts on optics in medieval Europe was that of the eleventh 
century Arabic scholar, Alhazen [Lindberg 1967]. Alhazen built on earlier approaches by 
Islamic philosophers such as Al-Kindi, Avicenna, and Averroes, as well as on Greek theories 
from writings that had been translated into Arabic [Lindberg 1976]. Previously, geometrical 
descriptions of vision - such as those of Empedoclés, Plato, Euclid and Ptolemy - were 
associated with extromissionist theories - the eye emitting rays through a visual cone. In 
contrast, intromissionist theories tended to centre on the receipt of physical bodies such as the 
simulacra mentioned above. As discussed in some detail by Lindberg [1967], Alhazen 
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constructed the first intromissionist theory of vision that built on the geometrical rigour of 
Euclid and Ptolemy and presented the first scheme describing how a representation of a 
visible object is produced in the eye by considering the paths of light rays proceeding from 
points on the object’s surface. To avoid the problem of visual confusion caused by rays 
reflected in different directions from the same point being registered in the eye, Alhazen 
hypothesised that only rays entering the eye perpendicular to its surface were effective in 
forming the visual impression (see Figure 4.33). Thus he made the important conceptual steps 
of postulating a one-to-one mapping between points in the visual scene and a ‘retinal image’ 
within the eye, and of considering the eye as an optical system. Moreover, he seems to have 
appreciated a distinction between the optical (light entering the eye) and the non-optical 
(inference on the resulting sensations by the brain) aspects of visual perception [Lindberg 
1976]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

Figure 4.32: Exemplar drawings by Robert 
Hooke (1635-1703). These are taken from his 
work ‘Micrographia: or Some Physiological Descriptions 
of Minute Bodies made by Magnifying Glasses’. Prior 
to the advent of photography, the recording and 
dissemination of experimental observations was 
underpinned by a scientist’s ability to create 
geometrically accurate images. (Images 
reproduced courtesy of The National Library of 
Medicine, USA.) 
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Figure 4.33: An early appreciation of vision as an intromissive process. Each point on the 
surface of an object radiates light in all directions. It was hypothesised that only rays of 
light propagating perpendicular to the surface of the crystallinus could enter the eye. Thus 
there was an awareness of a direct correspondence between points on the object and 
points forming the image cast onto the optic nerve. This scheme gives rise to an erect 
image. (After Edgerton [1976].) 

 
Thirteenth century European scholars such as Roger Bacon and John Pecham endeavoured 
to synthesise the various theories that had been proposed. In Opus Tertium, Roger Bacon 
writes: 
 

‘I have determined not to imitate any one author; rather, I have selected the most excellent 
opinions from each.’17 

 
As the study of natural laws became more widespread, a methodical approach to explaining 
and characterising the physical world began to take shape.18 However, most visual theories 
were still based on a belief that the eye’s lens was spherical in form, was located in the centre 
of the eye, and represented the seat of visual perception. Advances in ocular anatomy in the 
sixteenth century gradually established the structure of the eye more accurately [Lindberg 
1976]. At the University of Padua, Italy, Matteo Colombo asserted that the lens was in fact bi-
convex and situated toward the front of the eye. In Basle, Switzerland, Felix Platter not only 
produced accurate physiological drawings of the structure of the eye, but also considered the 
retina, as an extension of the optic nerve over the back of the eye, to be the organ responsible 
for visual sensation. Another notable figure at this time was Giovanni Battista Della Porta, 
who made the important (in hindsight) analogy that the eye functions in a manner similar to 
the camera obscura (see Section 4.7.1). However, it appears that he did not connect this idea any 
more formally with the process of visual perception, and along with many of his 
contemporaries believed instead that the eye’s lens was the seat of visual perception [Lindberg 
1976]: 
 

‘... The image is let in by the pupil, as by the hole in the window; and that part of the 
Sphere, that is set in the middle of the eye, stands instead of a Crystal Table.’19 

                                                
17 Quoted in Lindberg [1976]. 
18 John Pecham’s Perspectiva Communis, Bacon’s Perspectiva, and Witelo’s Perspectiva were among the texts known 
and studied as optics references in several universities in the fourteenth and fifteenth centuries, including those 
in Paris (the Sorbonne), Vienna, Prague, Leipzig, Cracow, Oxford, and Cambridge. 
19 Della Porta [1669], quoted in Wade [1987, p.794]. In this extract, Della Porta sketches an analogy between his 
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While working with the astronomer, Tycho Brahe, in Prague during the early years of the 
seventeenth century, Johannes Kepler formulated the modern concept of (inverted) image 
formation on the retina. According to Lindberg [1976], Kepler helped to picture optical 
properties by stretching pieces of thread to trace out the paths of light rays and produced an 
accurate analysis of image formation in the camera obscura. Although lenses have been in use 
since at least ~2500 B.C.,20 prior to Kepler’s time analyses of refraction had not been 
extensively developed21 and he was apparently unaware of the contemporary work of 
Maurolico and Della Porta. Familiar with the anatomical work of Felix Platter, he extended 
his work on image formation by apertures (such as the camera obscura) to consider the 
human eye. Kepler assigned the primary refracting properties in the eye to the combination of 
vitreous humour and lens (see Section 2.3.1). The formation of an inverted image on the 
retina then followed as a natural consequence of these considerations and the anatomical 
layout. The fact that the image was inverted was to a great extent contrary to intuition. 
Indeed, previous theories often went to some lengths to maintain an upright projection 
beyond the lens of the eye [Howard and Rogers 1995]. However, Kepler could not find a 
satisfactory alternative to this result and finally concluded that the inverted image was the 
unavoidable consequence of optical laws and the structure of the eye - how the brain dealt 
with this to yield an upright perceived world was a separate problem. No diagram by Kepler 
himself appears to have survived, but within a few decades philosophers such as René 
Descartes had adopted his theory. 

The fact that each eye perceives a slightly different view of a 3D scene has been 
recognised at least since classical times. However, philosophers primarily focused on the issue 
of the mind perceiving only a single image - rather than two slightly dissimilar images. The 
increased near-field depth perception obtained by binocular vision was noted by philosophers 
from Aristotle, Euclid22, and Galen to Leonardo da Vinci, but it was assumed to be due to the 
cue of convergence alone. Descartes acknowledged both accommodation and convergence as 
important depth cues, and that by means of an ‘innate’ knowledge of the interocular distance 
and the convergence angles corresponding to different distances the visual system was 
‘a natural geometer’ [Sedgewick 1986]. As quoted in Wade [1987], Molyneux in his text 
entitled Treatise of Dioptricks [1692] discusses the following experiment:  
 

‘Experiment that Demonstrates we see with both Eyes at once: and ‘tis, that which is 
commonly known and practised in all Tennis-Courts, that the best Player in the World 
Hoddwinking one Eye shall be beaten by the greatest Bungler that ever handled a Racket; 
unless he be used to the Trick, and then by Custom get a Habit of using one Eye only.’23 

 
 
 
 

                                                                                                                                             
understanding of the eye and a camera obscura setup with a lens in the aperture. The crystal table referred to was 
used as the screen on which the image was cast in the camera obscura experiment – Della Porta considered the 
back surface of the lens (which he explicitly states here to be positioned in the centre of the eye) to be the ocular 
equivalent. 
20 Enoch and Lakshminarayanan [2000] discuss the use of optical (lens based) arrangements in fabrication of the 
eyes of certain funerary Egyptian statues. Constructed in 2620-2400 B.C., ‘these “eyes” appear to follow the observer as 
he/she rotated in any direction around these statues.’ [Enoch and Lakshminarayanan 2000]. In their paper, the authors 
outline the construction of prototype ‘eyes’ with similar (and somewhat disconcerting) properties.   
21 The focusing properties of glass spheres filled with water (sometimes referred to as ‘burning spheres’, ‘burning 
glasses’, or ‘burning lenses’) were known qualitatively from classical times. In the eleventh century, the Arabic 
scholar Alhazen devoted one of his books to the subject (‘On the Burning Sphere’). 
22 Regarding optics as discussed by Euclid, see for example, Burton [1945].  
23 Wade [1987, p. 789]. 
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4.6 NEUROANATOMY IN THE SISTINE CHAPEL FRESCOES 
‘After the divine part has well conceived 

Man’s face and gesture, soon both mind and hand, 
With a cheap model, first at their command, 

Give life to stone, but this is not achieved 
By skill. In painting, too, this is perceived: 

Only after the intellect has planned 
The best and highest, can the ready hand 

Take up the brush and try all things received.’24 

 
The paintings and sculptures created by Michelangelo Buonarroti (1475–1564) not only 
demonstrate his formidable artistic skills but also his ability to exercise the utmost delicacy in 
working with materials, his precise observational powers and his profound understanding of 
the anatomy of the human body (see, for example, Figure 4.34). Indeed his works are a 
captivating testimony to the transdisciplinary spirit of the Italian Renaissance period. 

At the age of 33 he was commissioned by Pope Julius II to create the set of frescoes that 
adorn the ceiling of the Vatican’s Sistine Chapel. Towards the end of 1511, Michelangelo 
began work on the last four frescoes25 (see Figure 4.35) – thereby completing a series of nine 
central panels. These represent key passages from the book of Genesis26 – specifically the  
‘Creation of Adam’, ‘Separation of Land and Waters’, ‘Creation of the Sun and Moon’, and ‘Separation of 
Light from Darkness’. Relevant text from Genesis reads as follows: 
 

‘In the beginning God created the heaven and the earth. 
And the earth was without form, and void; and darkness [was] upon the face of the deep. And 
the Spirit of God moved upon the face of the waters. 
And God said, Let there be light: and there was light. 
And God saw the light, that [it was] good: and God divided the light from the darkness. 
And God called the light Day, and the darkness he called Night. And the evening and the 
morning were the first day. 
And God said, Let there be a firmament in the midst of the waters, and let it divide the waters 
from the waters. 
And God made the firmament, and divided the waters which [were] under the firmament from 
the waters which [were] above the firmament: and it was so. 
And God called the firmament Heaven. And the evening and the morning were the second day. 
And God said, Let the waters under the heaven be gathered together unto one place, and let the 
dry [land] appear: and it was so. 
And God called the dry [land] Earth; and the gathering together of the waters called he Seas: 
and God saw that [it was] good… 
And God said, Let there be lights in the firmament of the heaven to divide the day from the 
night; and let them be for signs, and for seasons, and for days, and years: 
And let them be for lights in the firmament of the heaven to give light upon the earth: and it 
was so. 
And God made two great lights; the greater light to rule the day, and the lesser light to rule the 
night: [he made] the stars also. 
And God set them in the firmament of the heaven to give light upon the earth, 
And to rule over the day and over the night, and to divide the light from the darkness: and 
God saw that [it was] good. 

                                                
24 Michelangelo Buonarroti (1475-1556). Quoted in Meshberger [1990]. 
25 He began working on these four panels after taking a six month break. 
26 A highly evocative reading of this passage was transmitted from Apollo 8 (in lunar orbit) on Christmas Eve 
1968. See, for example, http://www.youtube.com/watch?v=UXUecnbcApo (last accessed January 2011). 
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And the evening and the morning were the fourth day… 
And God said, Let us make man in our image, after our likeness: and let them have dominion 
over the fish of the sea, and over the fowl of the air, and over the cattle, and over all the earth, 
and over every creeping thing that creepeth upon the earth. 
So God created man in his [own] image…’27 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 4.34: The Last Judgement by Michelangelo Buonarroti. In connection with this 
work, Giorgio Vasari (1511–1574) wrote that it was intended to represent ‘the most perfect 
and well proportioned composition of the human body in its most varied positions.’28 

                                                
27 Reproduced from the Book of Genesis, King James Version. 
28 Quoted in Eknoyan [2000]. 
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Figure 4.35: Left, the final four panels painted by Michelangelo along the longitudinal 
axis of the Sistine Chapel ceiling. From the top, these represent ‘Creation of Adam’, 
‘Separation of Land and Waters’, ‘Creation of the Sun and Moon’, and ‘Separation of Light from 
Darkness’. The right-hand image shows an enlarged view of Michelangelo’s rendition of 
God in this latter panel. Notice several unusual features of His form – see text for 
discussion. (Reproduced by permission from Suk and Tamargo [2010].) 

 
Of the Sistine Chapel frescoes, the most widely known is the ‘Creation of Adam’ in which 
God and Adam reach out – fingers nearly, but not quite, meeting (Figure 4.36). 
Michelangelo’s precise understanding of the human form enables him to contrast (with 
photorealistic precision) God’s strident effort to reach across to Adam with Adam’s languid 
(seemingly disinterested) response. In connection with this scene, Frank Meshberger [1990] 
writes: 
 

‘One can imagine the spark of life jumping from God to Adam across the synapse between 
their fingertips. However, Adam is already alive, his eyes are open, and he is completely formed; 
but it is the intent of the picture that Adam is to “receive” something from God.’ 

 
If indeed we accept that Michelangelo’s purpose is to illustrate Adam as the recipient of a 
gift,29 then we are left to question the form that it may take. As discussed below, based on 
Michelangelo’s great interest in human dissection and anatomy, Meshberger [1990] provides 
an interesting and plausible response to this question. 
 Quoting from Giorgio Vasari (1511–1574) - Michelangelo’s first biographer, Suk and 
Tamargo [2010] indicate that he started to dissect cadavers when he was between 17 and 19 
years old. Ascanio Condivi (1525–1574) who, for many years was a student of Michelangelo 
and his second biographer writes: 

                                                
29 Although this does not necessarily explain Adam’s apparently languid pose. 

 



Chapter Four  •   Historical Perspective                                                                                                      141 

 

 

‘He had much familiar intercourse with the prior [of the church of Santo Spirito], and 
received many kindnesses from him, among others the use of a room and subjects to enable him 
to study anatomy. Nothing could have given him more pleasure, and this was the beginning of 
his study of the science of anatomy, which he followed as long as fortune allowed him.’ 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.36: Michelangelo’s ‘Creation of Adam’. Note the difference in the two postures. 
Michelangelo depicts God reaching out – to such an extent that he seeks support from 
one of His angels. In contrast Adam adopts a languid pose – much of his weight rests 
on his right arm. If only he would change his posture it seems that he could touch the 
hand of God. Michelangelo’s first hand knowledge of human anatomy was crucial in 
developing such ‘kinetic’ images. Of particular note is the form of the mantle/veil 
surrounding the rendition of God. Meshberger [1990] provides a convincing case in 
which he suggests that this takes on the outline of the human brain. 

 
Michelangelo’s activities in the procurement and dissection of human bodies could well have 
brought him into conflict with the Catholic Church. At the very least it could have 
jeopardised his opportunity to continue to act as a key Vatican artist: 

 
‘The church, of course, objected on principle to the desecration of the dead but did allow for 
dissection of the cadavers of condemned criminals and even facilitated it… Michelangelo is said 
to have inadvertently dissected the corpse of a young Corsini, whose powerful family 
subsequently sought revenge…’ [Eknoyan 2000].   

 
It is likely that he would have done his utmost to carry out such gruesome work with 
considerable secrecy. As to the extent of his activities in this area, Ascanio Condivi writes: 
 

‘…there is no animal whose anatomy he would not dissect, and he worked on so many human 
anatomies that those who have spent their lives at it and made it their profession hardly know 
as much as he does.’ [Quoted in Eknoyan 2000] 

 
Meshberger [1990] proposes that in the ‘Creation of Adam’ Michelangelo surrounded God 
with a form that bears close resemblance to that of the human brain (see Figure 4.37). Suk 
and Tamargo [2010] extend this discussion and go on to suggest the presence of further 
concealed neuroanatomic structure within the ‘Separation of Light from Darkness’ fresco.  Re-
examination of the right-hand image presented in Figure 4.35 reveals that Michelangelo has 
incorporated several unusual lumps and bumps in the neck. These are more evident in the 
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enlarged image presented in Figure 4.38 and given the artist’s superlative abilities, there is 
little chance that they were included inadvertently. The authors consider similarities between 
the surface rendering created by Michelangelo and the anatomy of the ventral view of the 
human brainstem – see Figure 4.39. Certainly there appears to be general similarity in form. 
However, in Comments published with the paper by Ian Suk and Rafael Tamargo several 
interesting points are raised. For example, Michael Salcman writes: 
 

‘Although I accept the hypothesis is plausible, I also point out the neurophysiological tendency 
of the brain to fill or complete partial visual information so as to make sense of the world, and 
I quote the eminent abstract expressionist painter Willem de Kooning in regard of the principle 
that there is no painting so abstract that it will not contain a resemblance. In support of this 
caution, I would remind the reader that nephrologists tend to see kidneys in the Sistine Chapel 
paintings, whereas neuroscientists tend to see brains.’   

 
Here, the allusion to kidneys refers to a suggestion made by Garabed Eknoyan [1997] that in 
the panel ‘Separation of Land and Waters’ Michelangelo embedded in the mantle around God 
the image of a bisected right kidney - along with two further renditions of kidneys elsewhere 
in the work.  

Whilst it is crucial to heed Salcman’s cautionary remarks, it is clearly evident that there is 
something amiss with the neck that Michelangelo formed in his rendition of God. Surely it is 
most unlikely that this departure from precise anatomical accuracy simply represents a 
rendering accident – for after all the ‘Separation of Light from Darkness’ fresco is of particular 
importance (being located immediately above the altar and purporting to depict the very 
beginning of creation). Bondeson and Bondeson [2003] suggest that Michelangelo may have 
intended to depict a lesion – but would such a deeply religious figure have sought to inflict an 
unpleasant human malady upon God – and to what end? Even a cursory examination of 
Figure 4.40 confirms the tremendous skill and care which Michelangelo exercised in crafting 
the face of God. To suggest that God may suffer from human physical weakness (in the form 
of a goiter) would have defiled God’s image and would certainly have detracted from the 
strength and power evident in Michelangelo’s rendition of the face of God.  

Most interestingly, as indicated in Figure 4.41, Michelangelo has defined the location of 
the source of illumination so that it emanates from the lower left. In contrast, God’s neck is 
illuminated almost from the front (emanating into the painting – but slightly from the right) – 
thereby highlighting the presence of the bumps. This difference in the positioning of the 
sources of lighting confirms that the formation of the anatomy of the neck was quite 
deliberate and, as always in Michelangelo’s works, implemented with scrupulous care.   

There is a clear possibility that in the ‘Creation of Adam’ fresco Michelangelo intended that 
the mantle/veil surrounding God and His angels should take on the form of the human 
brain. Similarly, in the ‘Separation of Light from Darkness’ the artist may well have included at 
least one further neuroanatomic structure30 – a ventral view of the human brainstem. In 
addition the mantle depicted in the ‘Separation of Land and Waters’ fresco may well have been 
intended to take on the form of a bisected right kidney One is left to ponder on the reasons 
for their inclusion.  

In relation to the ‘Creation of Adam’ fresco, Meshberger [1990] writes: 
 

‘The important point, however, is not to identify minute neuroanatomic structures in the fresco, 
but to see that the larger image encompassing God is compatible with a brain. Michelangelo 
portrays that what God is giving Adam is intellect, and thus man alone is able to “plan the 
best and highest” and to “try all things received”.’31 

                                                
30 Suk and Tamargo [2010] suggest the possibility of the inclusion of two other structures. 
31 Which in turn links back to the quotation presented at the beginning of this section. 
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But clearly there are countless other interpretations – including the distinct possibility that 
Michelangelo was deliberately incorporating his personal views as to the relationship between 
God and mankind – views that are likely have been contrary to the Catholic Church’s 
teachings in the early sixteenth century.  

As for the possible inclusion of the brainstem in the ‘Separation of Light from Darkness’ 
fresco, although it appears that the structure was deliberately highlighted, its presence would 
not have been visible to observers gazing upwards from the floor. Thus due to the imposed 
viewing distance, the structure was effectively concealed. Suk and Tamargo [2010] conclude:  
 

‘Being a painter of genius, a master anatomist, and a deeply religious man, Michelangelo 
cleverly enhanced his depiction of God in the iconographically critical panels on the Sistine 
Chapel vault with concealed images of the brain and in this way celebrated not only the glory of 
God, but also that of His most magnificent creation.’ 

 
 

 

 

Figure 4.37: Here, Suk and 
Tamargo [2010] provide a 
pictorial representation of the 
proposals made by Meshberger 
[1990] in which they overlay an 
outline of the human brain 
(containing the anatomic features 
of the midsagittal and lateral 
surfaces) onto a portion of 
Michelangelo’s ‘Creation of Adam’. 
(Reproduced by permission from 
Suk and Tamargo [2010].) 

 

Figure 4.38: An enlarged view of 
Michelangelo’s rendering of God’s neck in 
the ‘Separation of Light from Darkness’ fresco. 
Suk and Tamargo [2010] identify 
similarities between this surface rendering 
and that of the ventral view of the 
brainstem. In addition, this portion of the 
fresco appears to have been created using 
an assumed light source location which 
differs from that employed elsewhere in 
the fresco - see Figure 4.41. (Reproduced 
by permission from Suk and Tamargo 
[2010].) 
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Figure 4.40: An enlarged view of the 
face of God taken from the ‘Creation of 
the Sun and Moon’. Michelangelo 
portrays a God possessing both 

strength and compassion.  

Figure 4.39: Here, Suk and Tamargo 
[2010] compare the form of the neck 
painted by Michelangelo and the anatomy 
of the human brainstem. (Reproduced by 
permission from Suk and Tamargo 

[2010].) 

Figure 4.41: Overall, the ‘Separation of Light from 
Darkness’ fresco assumes a source of illumination 
which is located to the lower left. However, the neck is 
illuminated from a different position (the light source 
being directed into the page and oriented slightly to the 
right). This is more evident in the grey scale image in 
which the contrast has been increased. (Reproduced by 
permission from Suk and Tamargo [2010].) 
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Certainly when, some years later Michelangelo created the formidable and chilling scenes 
depicted in the ‘Last Judgement’, he made no attempt to conceal the depiction of a flayed 
human skin. This may be seen a little right of centre in Figure 4.34 and is depicted in an 
enlarged form in Figure 4.42. 

As for the possible inclusion of one or more kidneys in the ‘Separation of Land and Waters’, 
Garabed Eknoyan makes several suggestions: 
 

‘… the kidneys as the organs that separate solid from liquid were probably familiar to 
Michelangelo, if not from his own studies then at least at second hand, and would constitute an 
appropriate symbolic backdrop from the Sistine Ceiling scene on Separation of the Waters from 
the Firmament … It would seem that Michelangelo ingeniously fused his knowledge of 
anatomy and physiology in an emblematic representation of kidney function in his rendering of 
the events that involve the Congregation of the Waters and span the second and fourth days of 
creation, as recorded in the book of Genesis. The very culture in which he grew to maturity in 
15th century Florence facilitated the acquisition of this knowledge. His own creative mind 
actively absorbed that information and then either consciously or subconsciously seems to have 
used it in the third panel of the Sistine Ceiling. Such a functional interpretation need not 
entirely cancel out an allegorical one that was likely its original intent.’ 
 

As with the circumstances surrounding Filippo Brunelleschi’s apparent demonstration of the 
mathematically-based, geometrically accurate, mapping of 3D perspective space onto a 2D 
tableau, Michelangelo’s actions and motivations are intriguing and are shrouded in 
uncertainty. In Comments published with the paper by Ian Suk and Rafael Tamargo, 
Guilherme Carvalhal Ribas writes: 
 

‘In the same direction, it is interesting and also appropriate to recall that one of the main 
features of the fractal geometry described by Mandelbrot in the 1960s is the self-similarity that 
can be observed along the so-called fractal scaling, which indicates that as viewers peer more 
deeply into the fractal images of chaotic systems, they notice that the shapes seen at one scale are 
similar to the shapes seen in the details at another scale. 

Forms and shapes are then very important expressions of our universe in very different 
dimensions, and parallel to their beauty, their similarities throughout these different dimensions 
are intriguing, and the understanding of their meanings is still attributed to many elements. 
Forms and shapes in Nature should have a reason and a purpose. Regarding the central 
nervous system, we already know that they are, at least partially, attributable to the folding and 
bending processes that took place along evolution to allow an increase in its surface and 
complexity without a proportional increase in its volume, but we do not yet know the full 
meaning of its architecture or of the intrinsic relationships that the forms and shapes of its 
structures might have with its physiology. Siler, in a very provocative book, speculates about 
these relationships, pointing out similarities between shapes of brain structures and telescopic 
images of the cosmos and between the shapes of neural structure and of electromagnetic fields 
reactors.’ 

 
Indeed the image of the Carina Nebula depicted on the cover of this book is rich in possible 
forms. Finally, this history brings into focus the superlative transdisciplinary skills of at least 
one key Renaissance figure. Indeed the Renaissance was underpinned by numerous such 
individuals whose insatiable thirst for knowledge knew no limits and was not constrained by 
barriers. These were not dilettantes but rather highly creative individuals who sought 
excellence (if not perfection) in their works.32 

                                                
32 The paper written by Suk and Tamargo [2010] (along with references cited therein) is recommended to the 
interested reader. For additional informative discussion on the Sistine Chapel frescoes see King [2002]. 
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4.7 THE CAMERAS OBSCURA AND LUCIDA 

‘When we remember we are all mad, 
the mysteries disappear and life stands explained’33. 

 
In this section, we briefly discuss the cameras obscura and lucida. Both of these devices can 
be used to assist in the geometrically accurate mapping of physical objects onto a 2D 
perspective space. 
 

4.7.1 The Camera Obscura  
This enables a visible image to be cast onto a surface and in its most elementary form 
employs a small hole through which light may pass from well-illuminated surroundings into a 
darkened chamber, such as a room or viewing box (the classic pin-hole camera). Provided 
that the size of the hole is not too great, such an implementation gives rise to a quite well-
defined and inverted image on a screen. The use of a lens is not a requirement and a hole 
suffices, although as the size of this hole is increased (so as to increase image brightness), 
image clarity suffers. 

John Hammond [1981] provides an excellent account of the history of this device and 
traces its origins back to the Chinese and Greek civilisations in the fourth and fifth centuries 

                                                
33 Attributed to Mark Twain (1835-1910). 

 

Figure 4.42: An enlarged view 
of a feature taken from the ‘Last 
Judgement’ (see Figure 4.34) in 
which Michelangelo depicts a 
flayed human skin. This fresco 
was created between 1536 and 
1541 – some years after the 
completion of the panels on the 
Sistine Chapel ceiling. 
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B.C. (the camera obscura is often attributed – incorrectly - to the Renaissance artist Giovanni 
Battista Della Porta). However, it appears that it was not until the fifteenth century that a bi-
convex lens was first used instead of the small hole, and corrective elements were employed 
to produce an erect image (see Figure 4.43). This illustration shows three forms of camera 
obscura, and as can be seen, images may be either cast onto a translucent screen or created 
within a darkened chamber (the immersive form of camera obscura). The classic 1940’s film 
‘A Matter of Life and Death’, by Powell and Pressburger, provides a vivid demonstration of 
an immersive camera obscura in operation – for example, see Figure 4.44. 

In its various forms the device was frequently used by astronomers and provided a safe 
method by which eclipses could be viewed. Hammond [1981] quotes Friedrich Risner who in 
the fifteenth century suggested the use of the camera obscura for copying drawings, 
particularly as it would support their enlargement or reduction. He also provides an 
interesting discussion on the use of the camera obscura by artists as a convenient method 
of generating perspective images. 
 
 

 
 
 
 
 
 
 
 

 
                  (a)           (b) 

 
 

 
 
 
 
 
 
 
 
 

 
      (c) 

 

4.7.2 The Camera Lucida  
The camera lucida was invented by Dr William Hyde Wollaston at the beginning of the 
nineteenth century and supports the creation of accurate perspective views. Simple forms of 
camera lucida are shown in Figure 4.45. The basic principle of operation of the device may 
best be understood by reference to the first of these illustrations and may be explained as 
follows: 
 

‘If a piece of glass be fixed at an angle of 45° with the horizon, and if at some distance 
beneath, a sheet of paper be laid horizontally on a table, a person looking downwards through 
the glass will see an image of the objects situated before him; and as the glass which reflects the 
image is also transparent, the paper and pencil can be seen at the same time with the image so 
that the outline of the image may be traced on the paper.’ [Encyclopaedia Britannica 
1876] 

 

Figure 4.43: Here we illustrate three forms of 
camera obscura. In (a), a small hole is used to 
permit the creation of an inverted image. In (b) 
the use of a lens permits the formation of a 
brighter image and a moveable screen enables the 
image to be properly focused. In (c) the 
incorporation of a mirror enables the image to be 
cast onto a horizontal table. The classic 1940’s 
film ‘A Matter of Life and Death’ (see Figure 4.44) 
provides a fine demonstration of this latter form 
of camera obscura. (Diagrams adapted from 

Hammond and Austin [1984].) 
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In fact, the use of an inclined glass plate for image formation is of particular interest. In 
Section 7.3 we discuss the traditional use of this technique for the creation of theatrical 
illusions (Pepper’s Ghost), and consider its application to the production of a 3D image space 
within which a user can interact with computer-generated images using physical interaction 
tools (the ‘direct interaction’ paradigm introduced in Section 5.4). 

The simple approach to the implementation of the camera lucida illustrated in Figure 
4.45(a) exhibits several weaknesses: 
 

 The image is laterally inverted. This problem may be overcome by employing a double 
reflection as shown in Figure 4.45(b). 

 The user must maintain a fixed viewing position. This may be achieved by viewing both 
the image reflected in the glass and the pen and paper through a hole located in a card 
positioned above the apparatus (cf. Filippo Brunelleschi’s peephole arrangement). 

 The reflected image and the image being sketched on the paper are located at two 
different focal depths (this problem parallels one encountered when a direct interaction 
tool is used in conjunction with a stereoscopic based display). The problem may be 
remedied by introducing a lens through which reflected light emanating from the paper 
passes before reaching the glass plate. 

 

Hammond and Austin [1984] refer to the approaches outlined above as the ‘see through’ 
technique. An alternative embodiment employs a four-sided prism and is referred to as a ‘split 
pupil’ approach.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 4.44: ‘A Matter of Life and Death’, by Powell and Pressburger provides a vivid 
demonstration of an immersive camera obscura in operation. By means of an overhead 

mechanism, the camera may be rotated to give a 360 field of view. The image is 
projected downwards onto a circular table. (Image reproduced from the film.) 
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Both the cameras lucida and obscura (together with other optical drawing devices such as the 
optigraph), have assisted artists in the accurate mapping of 3D perspective space onto the 2D 
tableau. Although the camera lucida has been widely used in sketching and as an aid to 
scientific drawing, the extent to which prominent artists have exploited such devices remains 
a matter of conjecture. 
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 (b)       (c)       

 
4.8 DISCUSSION 

‘There are three branches of perspective; 
the first deals with the reasons for the (apparent)  

diminution of objects as they recede from the eye,… 
the second contains the way in which colours vary as they recede from the eye; 

the third explains how objects should appear less distinct  
in proportion as they are more remote.’34 

 
The application of precise geometrical constructions has provided a means whereby a natural 
and accurate sense of perspective may be incorporated within the 2D rendition of 3D 
perspective space. Over the centuries, this approach has played a pivotal role in the 
advancement of science, engineering and medicine. However, it ultimately represents a 
particular instance of human creative expression. In alternative scenarios, artists have 
developed techniques that break away from (or manipulate) the bonds of perspective, creating 
visual images that profoundly communicate with human emotions – see, for example, the 
evocative painting by Vincent van Gogh which is reproduced in Figure 4.46). 

In this chapter we have drawn parallels between the goals of those seeking to capture a 
natural perspective on canvas some hundreds of years ago and today’s quest for the 
development and application of new 3D display paradigms. There is, of course, a vital 

                                                
34 Attributed to Leonardo da Vinci - quoted in Richter [1998]. 

Tilted glass 
plate 

Observer 

Paper or the 
like 

Observer 

Paper or the 
like 

Two tilted 
glass plates 

Figure 4.45: Two basic approaches to 
the implementation of the camera 
lucida. Diagram (a) shows the use of a 
single glass plate (cf. Pepper’s Ghost – 
see Section 7.3) in which both the 
reflected image and the image being 
created on paper are simultaneously 
visible. The image is of course laterally 
reversed. This reversal problem may be 
overcome by means of a double 
reflection as shown in (b) (cf. the 
technique used by Filippo Brunelleschi 
– recall Section 4.2). Image (c) illustrates 
an implementation of (b). (Image (c) is 
reproduced from the Encyclopaedia 
Britannica, 9th edn, Vol. IV, Adam and 
Charles Black, Edinburgh (1876).) 
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difference – from the traditional artist’s perspective the image content is fixed and there is 
certainly no support for interaction processes. In contrast, a major impetus in the 
development of creative 3D display systems concerns (or should concern) their ability to 
support new and synergistic interaction paradigms. By creating images within appropriate 
forms of image space (see Section 7.2) and through support for the pictorial, oculomotor, and 
parallax cues, we can establish environments which catalyse the use of natural interaction 
modalities. This offers to revolutionise our interface with the digital world and enables the 
use of more intuitive image construction and manipulation techniques. In parallel, creative 3D 
display systems offer to create opportunities for the advancement of the visual arts - by 
providing tableaux able to support radically new forms of imagery. As Edgerton [1976] writes, 
when considering a future traveller able to journey beyond the bounds of our solar system: 
 

‘It, too, [perspective] will become “naive,” as they discover new dimensions of visual 
perception in the eternal, never ultimate, quest to show truth through the art of making 
pictures.’ 

 
 
 

 

 

 

 

 

 

 

 

 
 

 

 
 
 
 

Figure 4.46: ‘Wheat Field with Crows’ by Vincent van Gogh (1890). 
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