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5.1 INTRODUCTION 
From the 1950’s through until the mid-1970’s computer users were seldom able to interact 
with their programs during execution. Programs were usually submitted on media such as 
punched cards or magnetic tape and when loaded by a computer operator would run until 
completion - or failure!1 However, with the growing availability of desktop terminals 
connected to both mainframe and minicomputers that could support multitasking operating 
systems, this situation gradually changed. Even then interaction opportunities were limited as 
reliance on a centralised processor within a time-sharing environment made it impossible for 
users to have a guaranteed real-time response to their input stimuli. Furthermore, as 
mentioned in Chapter 1, terminals (VDU’s) usually lacked graphics capabilities and so the 
computer interface was command (rather than event) driven. All this changed with the 
decentralisation of computing resources and the introduction of bitmapped graphics able to 
support the event-driven user interface (see Section 1.3). In short, the introduction of the 
workstation and personal computer gave each user guaranteed performance, and provided 
interaction opportunities that offered an alternative to the traditional ‘command line’ form of 
input. The mouse - first conceived in the mid-1960’s - provided an intuitive interaction tool 
that was ideally suited for use with the event-driven interface. Over a relatively short period 
of time, therefore, the typical human-computer interface evolved to better support bi-
directional activity and was no longer entirely reliant on the keyboard for input.2 Indeed today 
it is difficult to imagine the frustrations experienced by those computer users who, not so 
very long ago, had no means of interacting with their programs during execution. 

                                                
1 Computer access was generally in great demand, and when a program failed (maybe as a consequence of a 
trivial coding error) there could be a delay of several weeks before computer time once more became available. 
Naturally this was a source of considerable frustration.  
2 For interesting discussion on the layout of the QWERTY keyboard (which was intended to slow down the speed 
of typing) see Gould [1992]. Note that this layout enables the word ‘typewriter’ to be typed using only top row 
keys – a layout feature that was perhaps a great convenience to nineteenth century typewriter sales staff.    

5 INTERACTION  

‘And all day long we rode 
Through the dim land, against a rushing wind, 
That glorious roundel echoing in our ears, 
And chased the flashes of his golden horns.’ 

 



152  3D Displays and Spatial Interaction              Barry G Blundell 

 

In this chapter we primarily focus on the interaction process as supported by the monocular 
display - although we occasionally allude to 3D scenarios. We give particular attention to 
three key issues: the form of the interaction tools, the ways in which these tools are used 
(interaction modalities), and interaction efficiency.  

We briefly examine interaction tools that permit both the navigation of a cursor on a 2D 
screen and the selection or acquisition of displayed objects. In Section 5.2, we confine this 
discussion to devices that were evaluated in a widely cited study conducted in the mid-1960’s 
[English et al. 1967]. Here, familiar tools such as the mouse and joystick are evaluated 
alongside others that are less well known, such as the Grafacon and knee control. The 
evaluation criteria centred on measurement of speed and accuracy in making selections of 
displayed objects. Similar studies have been conducted since that time, and interaction device 
performance models have been continually refined. Paul Fitts formulated one such model in 
the early 1950’s in connection with the human motor system [Fitts 1954], which continues to 
be widely used and is generally referred to as Fitts’ Law. The use of the term ‘law’ is perhaps 
unfortunate because the excellent work undertaken by Fitts simply led to a mathematical 
model that is by no means a precise, rigorous, and fundamental rule governing a 
phenomenon. Although not wishing to be pedantic in our choice of terminology (and 
immediately perhaps being so), we prefer to refer to this relationship more accurately as Fitts’ 
Model, rather than as Fitts’ Law. This is in keeping with the nature of our ‘transdisciplinary’ 
approach, for within some disciplines a ‘law’ is regarded as a fundamental rule rather than an 
approximate behavioural model. Consequently, and to avoid confusion, we therefore prefer 
to use the term ‘law’ judiciously. In Section 5.3 we introduce this model and place it within 
the context of the pioneering work undertaken in the 1940’s by Claude Shannon and co-
workers in connection with information theory. It was on the basis of this work that Fitts 
constructed his model. We also briefly review some of the work that has been undertaken in 
connection with this model’s application to interaction device evaluation. 

The evaluation and modelling of interaction devices for use with the conventional display 
should in principle be a straightforward undertaking, but this has not proved to be the case. 
Trials have often led to dissimilar results and have frequently focused on quantifying issues 
relating to the computer system (such as speed and accuracy of selection), rather than on 
more subjective usability issues which become increasingly important when interaction tools 
are used for extensive periods of time. Clearly, if the relatively straightforward task of 
modelling interaction devices for use with conventional display systems has proved 
problematic (and here at least the display itself is now of a standard and well-characterised 
form), then the evaluation of emerging interaction devices (including those supporting bi-
manual interaction) for use with a whole range of creative 3D display systems, is likely to 
prove much more complex. 

In Section 5.4, we introduce two interaction paradigms which will be referred to as 
‘transferred’ and ‘direct’ interaction. Subsequently, in Section 5.5 we discuss various exemplar 
touch screen technologies. Although this interaction modality is best suited for use with the 
conventional monocular display, it is instructive to examine some of the techniques used in 
the implementation of touch screens, along with their associated strengths and weaknesses. 
This forms the basis for discussion in which the ‘surface computing’ paradigm (that can be 
supported by touch panel systems) is extended to provide a 3D interaction space. Here we 
particularly refer to wand (3-DOF3 and 6-DOF) and free-hand, gesture-based interaction 
modalities. 

There can be no doubt that significant advances are taking place in the creation of 
interaction tools that offer to greatly advance the human-computer interaction process, and 
this chapter aims to provide an insight into some aspects of past and current developments. 

                                                
3 Degrees of freedom. 
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Where appropriate we refer to specific technologies, but these are simply intended to be 
indicative and represent a very limited subset of the systems and devices that are currently 
available, or which are under development.  Further discussion is presented in subsequent 
volumes where we also consider haptic interaction interfaces and bi-manual interaction. 
 

5.2 AN EARLY EVALUATION OF INTERACTION TOOLS 

‘Something magical happens when you bring together a group of people  
from different disciplines with a common purpose.’4  

 
Traditionally our senses are grouped into five general categories (recall Sections 3.1 and 3.2), 
and these provide the channels through which we are able to accept input from our 
surroundings. However, we have only two (although extensive) controlled output channels: 
speech and motor functions (movement).5 Although the former provides a mechanism for 
issuing commands and inputting text into a computer system, it does not readily lend itself to 
use with a graphically-based interface, and therefore for our present purposes this form of 
interaction may be overlooked. We are left to focus on interaction based on the complex 
human motor system. 

The purpose of an interaction tool is to convert stimuli into a form that can be passed to, 
processed by, and acted on by the computer. For even the most trivial interaction operations, 
feedback is essential. This not only assures us that a specified action has been properly 
implemented, but also provides pivotal assistance with the interaction task. For example, 
when using an event-driven user interface, visual feedback provides essential navigation 
information to enable us to move across and through menu systems. Consequently, the 
creation of a feedback loop, such as indicated in Figure 5.1, is fundamental to the 
human-computer interaction process. This emphasises the synergy that must exist 
between the display and interaction paradigms, both of which are key elements within 
the loop. 

 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.1: The interaction process generally requires that a feedback loop be created. 
Interactive operations are initiated by the human motor system. The visual system 
usually provides the input needed by the operator to accurately navigate the interaction 
device(s), and also provides confirmation that the operation has been successfully 
implemented. 
 
 

                                                
4 Attributed to Mark Stefik, Palo Alto Research Centre. 
5 As mentioned in Section 2.3.3 the eyes may also act as an output channel – but this is largely achieved through 
motor function. 
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Although the devices most frequently used for interaction continue to be the keyboard 
and mouse, there are an ever growing number of alternative modalities. It appears that 
the earliest comparative (and quantitative) study into the effectiveness of various 
interaction tools for use in conjunction with a computer display, was made by English et 
al. [1967] working at Stanford University. In the next subsection, and as a convenient 
means of introducing various conventional interaction tools and placing them within an 
historical context, we briefly discuss devices considered in this study. The work 
undertaken by English and his co-workers forms the basis for a considerable amount of 
research that has since been carried out. In Section 5.2.2 we therefore briefly review 
aspects of this study, and in Section 5.2.3 we bring together some of the issues that 
originate from this discussion. 

 
5.2.1 Interaction Space and Tool Set 
Although the mouse is the tool most widely used to augment the keyboard, a variety of other 
interaction devices have been developed. Most of these ‘continuous’6 interaction tools react 
to spatial repositioning and therefore we can associate with them an interaction space. This 
corresponds to the region in which motion can be applied to, and sensed by, the interaction 
device. Hence an interaction device such as the mouse has associated with it a region in 
which it can detect and measure some form of operator movement. Motion within the 
confines of this space is mapped in some way (which as users we expect will be intuitive) into 
the image space of the display system, and causes the movement of a reference cursor. 

It would be most pleasing if the concept of an interaction space could be applied 
universally to all interaction tools without exception. However, as with many aspects of 
2D/3D display and interaction techniques, the great diversity of approaches that may be 
adopted in their design and implementation creates exceptions to almost every rule. In this 
particular case we can identify various continuous interaction techniques that do not have an 
associated interaction space. For example, although a joystick is usually implemented as a 
device that responds to movement, this need not be the case. Card et al. [1978], whose work 
is discussed in Section 5.3.1, employed a joystick utilising strain gauges to measure force, 
rather than the more traditional potentiometers and optical encoders that can be used to 
measure displacement. Such a joystick has no associated movement, and therefore, we cannot 
assign an interaction space. A similar difficulty is experienced when we consider interaction 
tools that respond to pressure, and does it really make sense to associate an interaction space 
to a system that uses eye-tracking as the means of effecting cursor movement? However we 
will put such exceptions to one side as the concept of an interaction space can be 
meaningfully applied to the majority of continuous interaction tools. 

In the case of the conventional monocular computer display, interaction tools tend to 
have a 2D interaction space associated with them. When we consider interaction supported 
by creative 3D display systems, we would expect to be provided with interaction tools that 
can operate intuitively within a 3D interaction space. To date such a requirement has often 
been overlooked. 

In this subsection we briefly review the interaction devices used by English et al. [1967]. 
Our purpose is not to provide extensive discussion on these devices as they feature in various 
other works. Further, over time some tools developed for navigating a cursor on a computer 
screen (e.g. the knee control and Grafacon) have faded into obscurity, whilst others such as 
the touch screen have been developed. The devices referred to below are therefore simply 

                                                
6 We use the word ‘continuous’ to distinguish between stepped input devices (e.g., those requiring the repeated 
depressing of a button or key such as the arrow keys on the keyboard), and devices such as the mouse which in 
contrast may (for our present purposes) be considered to be essentially non-discrete in their response to motion. 
That is, for the moment we neglect quantisation error. 
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indicative of conventional interaction opportunities.7 A more detailed discussion of 
interaction tools may be found in many computer graphics texts (see, for example, Salmon 
and Slater [1987], Newman and Sproull [1981], and Demel and Miller [1984]). 
 
1. The Mouse: It appears that this interaction tool was first prototyped in ~1964 for use in 
the study mentioned above which was conducted by English et al. In its original form the 
mouse was constructed using a wooden case as illustrated in Figure 5.2(a). This device 
employed two orthogonal wheels, each connected to a potentiometer. The motion of these 
wheels (both absolute and relative) enabled a movement vector to be determined. 
Subsequently, and for many years, the orthogonal wheels were superseded with a ball, the 
motion of which caused the movement of the two potentiometers. In a further evolutionary 
step, the potentiometers were replaced with digital optical encoders that generated a pulse 
sequence as the ball rotated. In this scenario the relative numbers of pulses generated by the 
two encoders enabled the movement vector to be regularly updated. The next key step in the 
development of the mouse relates to the elimination of mechanical components and the use 
of an optical system able to sense mouse motion across a ‘mouse mat’ equipped with a 
rectangular grid of lines. The optical system was designed to detect the passage of the mouse 
over these lines and hence calculate the movement vector.  

 
 

 

 
 
 
 
 

 
  (a) 

 
 
 
 
 

(b) 
  (b)                (c) 

 
Figure 5.2: Interaction devices used in the evaluation carried out by English et al. 
[1967]. In (a), the mouse developed for this trial in its wooden housing (viewed from 
below) and in (b) the Grafacon (the central item in the image). Image (c) depicts the 
knee-controlled input device (this operated on sideways and vertical motion of the 
knee). (Reproduced by permission from English, W.K., Engelbart, D.C., and Berman, 
M.L., ‘Display-Selection Techniques for Text Manipulation’, IEEE Transactions on 
Human Factors in Electronics (1967); © 1967 IEEE.) 

 
Today’s mouse is an electronically complex device containing extensive image processing 
hardware. The surface over which the mouse passes is illuminated and the reflected light is 
sensed by a rectangular imaging array. Hardware within the mouse identifies differences 
between image frames and uses this to determine motion. By way of example, the Avago 
Technologies ADNS-2610 optical mouse sensor uses a light-emitting diode for surface 
illumination and processes 1512 frames per second. Each frame comprises 18 by 18 pixels 
encoded using a 6-bit grey scale. Alternatively, a laser diode emitting infrared radiation may 

                                                
7 For related reading, also see Goodwin [1975]. 
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be used. This enables higher resolution imaging and hence greater accuracy in the calculation 
of the movement vector.  

Even a most cursory Internet search reveals numerous innovative extensions to the 
original mouse concept, with devices now available to support both 2D and 3D interaction. 
Current developments suggest that even in the short-term, the mouse is likely to develop into 
a device that has far greater functionality and is better able to capitalise on natural human 
dexterity. In this context, Duncan Smith of Cambridge Consultants8 writes:   
 

‘Our hands are extraordinary instruments for control and communication… One of our 
earliest instincts as babies is to grip and grasp, and about a quarter of the motor cortex of the 
human brain is devoted to the muscles of the hand. Yet current input devices for computers and 
games do not fully exploit these capabilities. Although gesture-based control is a huge step, even 
this does not convey the subtlety and flexibility of what our hands can do.’9 

 
The Suma Mouse prototypes created by Cambridge Consultants provide an indication of one 
way in which the mouse may evolve. This approach surrounds core electronics with a 
deformable material in which a plurality of sensors that respond to surface displacement are 
embedded. Thus the interaction tool is no longer formed from a rigid structure but is pliant 
and may be deformed by, for example, squeezing and scrolling actions. A prototype device 
(the ‘Spherical Suma’) is depicted in Figure 5.3. This contains 64 analog sensors, the output 
from each being digitised with 8-bit precision. Naturally by embedding a sufficient number of 
sensors within an appropriately shaped structure, it is possible to measure with some degree 
of accuracy movements of the fingers and thumb and translate this data into appropriate 
interaction events. In addition, the inclusion of miniature accelerometers and/or gyroscopes 
provides the opportunity to sense and exploit spatial movement of the device.10  
 

 
 
 

 
 
 
2. The Lightpen: Typically this device employs a phototransistor that reacts to the level of 
light to which it is exposed. This embodiment is most usually associated with the traditional 
Cathode Ray Tube (CRT) display where pixels are sequentially addressed, and the light 
output from each gradually fades following the excitation process (transient light output). 
When the phototransistor contained in the light pen is placed over a single pixel, it is possible 

                                                
8 Milton Road, Cambridge, UK. 
9 http://www.cambridgeconsultants.com/print.php?print=news_pr257. Last accessed October 2010. 
10 For exemplar discussion on a further form of mouse see Frohlich and Plate [2000]. 

 

Figure 5.3: A prototype interaction device known 
as the ‘Spherical Suma’. Some 64 analog sensors are 
embedded within the non-rigid structure from 
which the device is formed. These are able to 
detect squeeze and scroll actions of the fingers and 
thumb. (Image kindly supplied by Cambridge 
Consultants, Cambridge, England and reproduced 
by permission.)    
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to detect the time at which it is addressed by the electron beam (approximately 
corresponding to its maximum light output). By simply looking up the current pixel being 
output from the frame buffer, the pixel (and hence the lightpen’s position on the screen) may 
be determined by the host computer. The lightpen employed by English et al. did not use a 
phototransistor, but a much more bulky photomultiplier vacuum tube. As a consequence of 
its size, this could not be housed within the body of a small lightpen and so the pen was 
constructed from a fibre-optic bundle. This carried light from the front of the lightpen to the 
photomultiplier tube (which was located elsewhere). 
 
3. The Joystick: As with the mouse, the deflection of a joystick is traditionally measured by 
two potentiometers or optical position encoders. These are mounted orthogonally in order to 
be able to measure the combined vertical and horizontal deflection. In their trials, English et 
al. employed two modes of operation: ‘absolute’ and ‘rate’ mode. 

In the case of absolute mode, the distance moved by the cursor (d) is directly 
proportional to the deflection of the joystick from its rest position (x). That is, d = k x, 
where both d and x are vector quantities. The constant of proportionality (k) represents the 
factor scaling the interaction space into the image space. The maximum deflection of a 
joystick is often quite small and therefore when this interaction space is scaled to 
accommodate the size of a typical computer screen, a relatively large value of k is required. 
Here we note that increasing the scaling factor can impact on the accuracy of navigation, and 
interaction tools that support an adjustable scaling factor are helpful in this context. 

Rate mode which is referred to above operates on a somewhat different basis. Deflection 
of the joystick from its rest or neutral position causes the cursor to move in the 
corresponding direction. However, in this case, the speed of motion is proportional to |x|. 
Consequently, the greater the joystick deflection, the greater is the cursor speed, and 
movement stops only when the joystick is returned to its neutral (rest) position. Therefore, 
the cursor velocity (v) is given by v = k x and hence the deflection of the cursor may be 
expressed as xd kt , where t denotes the duration of joystick deflection (at position x). 
Unlike the absolute mode of operation, and as with the mouse, this modality does not require 
that k be determined by the ratio of screen dimensions to the maximum permissible 
movement of the interaction tool (i.e. the extent of the interaction space). 

The relationship between x and v need not of course be linear, and in fact English et al. 
used a mapping such that; for example: 

 

.kt xd       (5.1) 

 
4. The Grafacon: In their trials, English et al. evaluated this device (recall Figure 5.2(b)). It 
consisted of an extensible (telescopic) arm located on a pivot. Changes in the length of the 
arm or rotation of the arm about the pivot were used to provide cursor motion in a 2D 
space. In addition to the paper by English et al. [1967], see also Davis and Ellis [1964]11 who 
open their discussion as follows:  
 

‘Present-day user-computer interface mechanisms provide far from optimum communication, 
considerably reducing the probability that full advantage is being taken of the capabilities of 
either the machine or of the user.’ 
 

5. The Knee Control: The keyboard plays a pivotal role in the conventional computer 
interface, and when augmented with interaction tools such as those mentioned above it is 
necessary to continually move between two forms of input device. Positioning a hand on a 

                                                
11 This publication describes interaction using the RAND Tablet. 
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mouse or lifting a light pen and moving it to the screen occupies a finite time. It can be 
argued that this reduces the efficiency of the interaction process.12 The knee control 
implemented for their study by English et al. alleviated the need for the hand to switch 
between interaction tools, and ensured that the tool was always immediately available (see 
Figure 5.2(c)). Sideways movement of the knee produced horizontal motion of the cursor, 
vertical movement was achieved by raising or lowering the knee. Clearly, it is most unlikely 
that the knee can (even with practice) match the hand in terms of dexterity. However, in the 
trial undertaken by English et al., this device appeared to produce reasonable results.  
 It is likely that this interface modality was selected for inclusion because it mimics the 
form of knee control that was, for many years, associated with the traditional sewing 
machine. Here, sideways knee movement was used to control the stitching speed thereby 
leaving the hands free for other operations such as directing the fabric through the machine. 
Interaction tools intended for use with an event-driven computer interface provide two 
essential functions: navigation and selection. To accommodate the latter, the tools evaluated 
by English et al. included some form of button(s) whereby once a cursor had been properly 
positioned, a selection/acquisition operation could be effected. Naturally, if physically located 
on the interaction device and unless carefully implemented, the depressing of a button could 
result in the cursor (or ‘bug’ as they then called it) being jolted from its proper position, so 
causing an acquisition error. In fact the authors acknowledge that this was a problem in the 
case of both the Grafacon and the joystick. 

 

5.2.2 Interaction Tool Evaluation 
In their study, English et al. employed a 2D image array comprising (for example) three-by-
three elements (each element being a character ‘X’). These arrays were generated at random 
positions on the display screen, and at any time after the appearance of an array, the operator 
could press the space bar to initiate timing. The objective was then to use the interaction 
device to navigate the ‘bug’ and select either the centrally located ‘X’ (in the three-by-three 
array) or a central group of ‘X’s (in larger arrays). Correct selection was acknowledged, and a 
new array then generated. Alternatively, in the case of an incorrect selection, the user was 
given another chance. Trials were conducted with both experienced and inexperienced 
operators. 

In the case of experienced users, the mouse demonstrated both the lowest acquisition 
time and lowest error rate. For the trials conducted with inexperienced users, there was little 
difference between the acquisition times of the knee control, light pen, and mouse (although 
the mouse exhibited the lowest error rate). English et al. also recorded (every 10ms) the 
position of the ‘bug’ as it was navigated toward its target. In analysing the data, they could 
discern target overshoot when the Grafacon and joystick (in rate mode) were employed, and 
erratic motion of the ‘bug’ when navigated by the knee control.  

The analysis of the difficulties encountered by English et al. in effectively undertaking 
what should have been a relatively straightforward evaluation are well worth reading as many 
of their comments retain their relevance.13 For example: 
 

‘Thus it seems unrealistic to expect a flat statement that one device is better than another. The 
details of the usage system in which the device is to be embedded make too much difference. 
Irrespective of the speeds with which one can make successive display selections with a given 
device, the tradeoffs for the characteristics of fatigue, quick transfer to and from the keyboard, 
etc., will heavily weight the choice amongst the devices. And these tradeoffs, and the possibilities 

                                                
12 Although from an analysis of the interaction paradigm alone this may be accurate, human factors must also be 
considered. Switching between tasks and thereby breaking up repetitive operations can reduce operator fatigue. 
13 However, it is likely that the results obtained in these trials were significantly affected by the lack of 
refinement in the design of the prototype interaction tools used. 



Chapter Five  •  Interaction                                                                                                                           159 

 

 

for designing around them, are not apparent until after a good deal of design and analysis has 
been done for the rest of the system.’ 

 

5.2.3 Interaction Issues 
‘Then proudly smiled that old man 

To see the eager lad 
Rush madly for his pen and ink 

And for his blotting pad - 
But, when he thought of publishing 

His face grew stern and sad.’14 
 
In order for an interaction tool to be used in the most efficient manner, a user must develop 
skills that take advantage of its strengths and compensate for any weaknesses. Below we 
highlight several issues that need to be considered when we attempt to evaluate the strengths 
and weaknesses of an interaction device. For convenience we limit our discussion to some of 
the devices employed by English and his colleagues, as these in themselves are sufficient to 
highlight several important issues. 
 
1.  The Extent of the Interaction Space: The mouse, the joystick (in both rate and absolute 
mode)15 and the lightpen, demonstrate different characteristics when considered from the 
perspective of the extent of the interaction space, and the mapping that exists between this 
space and the image space. For example: 
 
(a) The Mouse: In principle this device imposes no fundamental limitation on the extent of 

the interaction space. However, in practice, restrictions are imposed by practicalities such 
as convenience/comfort (in terms of wrist and arm movement) and the availability of 
space. As I write, I notice that my desk is covered in vast amounts of untidy paperwork 
and so my mouse is currently confined to a working space measuring approximately 12 
cm in width! But even when lateral motion of the mouse is restricted in this way, the 
scrolling action supported by the device as it is lifted off the desk and moved back to a 
closer position alleviates the need to change the scaling factor (k). 
 

(b) The Joystick (Absolute Mode): The joystick limits the physical extent of the interaction 
space to the extent of its movement. The value of the scaling factor (k) is defined by 
|d|/|x| (recall Section 5.2.1).16 Naturally the dimensions of the image space and range of 
movement offered by the joystick impact upon cursor positioning accuracy. 

 
(c) The Joystick (Rate Mode): As in the case of absolute mode the physical design of the 

joystick limits the extent of the interaction space. However this does not necessarily 
impact on the value of k since the amplitude of motion of the cursor is also determined 
by t, and in turn this is dependent on the chosen form of the relationship between x and 
v. In this mode, cursor placement accuracy can therefore (at least in principle) be achieved 
by a reduction in cursor speed, and irrespective of the value of k there is no limit to the 
distance over which the cursor may be moved. Of course this approach may impact 
negatively in any trial in which speed of placement is measured. 

(d) The Lightpen: In the case of the lightpen, the extent of the interaction space equals that 

                                                
14 Carroll, L., Poeta Fit, Non Nascitur, Phantasmagoria. (The Complete Works of Lewis Carroll) Wordsworth 
Editions (1996). 
15 As indicated previously, we focus on joysticks that respond to motion (and hence have a finite interaction 
space) rather than, for example, force (in which case the notion of an interaction space does not apply). 
16 Although different scaling factors may be adopted in the vertical and horizontal directions. 
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of the image space – the two are coincident. 
 
2. Selecting or Acquiring an Object: Objects are generally selected by means of one or 
more buttons located on the interaction device. As previously mentioned if the depressing of 
a button causes the interaction tool to move even momentarily this can result in a selection 
error. It is likely that this would have been a significant problem in the original trials 
conducted by English et al., particularly in view of the lack of design refinement in the 
prototype interaction tools that were used. 

 
3. Reaching for the Interaction Tool: Unless we employ an interaction tool that is 
continuously in contact with the body, or an imaging system that can visually detect motion, it 
is necessary to continuously move between keyboard and interaction tool. Unfortunately, 
English et al. compounded device acquisition and navigation times in their speed 
measurements. This is likely to have masked interesting results concerning the actual effi-
ciency of a device in navigating across an image space. In contrast, in the trials conducted by 
Card et al. [1978] (see Section 5.3.1), provision was made for the separate measurement of 
device acquisition and navigational times. 
 
5.3 FITTS’ MODEL AND ITS APPLICATION 

 ‘Out of intense complexities intense simplicities emerge.’17  

 
In the early 1950’s the application of information theory to areas outside traditional 
communications became vogue. There was (for example) great interest in applying the major 
advances that had been made in the area of information theory to the modelling of various 
human sensory, perceptual, and motor functions. In connection with this, Paul Fitts [1954] 
published a paper that described trials he had conducted in connection with the human motor 
system. One set of trials related to the movement of a pointer between two rectangular 
targets of width W and separated by a distance A (see Figure 5.4(a)). The participants were 
asked to move the pointer repeatedly and as quickly as possible between the targets. This 
process was repeated for targets of different size and separated by various distances. 
Movement times were recorded. Fitts hypothesised that human movement could be modelled 
by analogy to the transmission of information [MacKenzie 1992a,b], and specifically to a 
theorem given by Claude Shannon in his seminal work first published in 1948 [Shannon 1948, 
1949]. This theorem (Number 17) concerns the transmission of ‘continuous’18 information 
through a communications channel. It indicates that the capacity (C) of a channel of 
bandwidth W perturbed by white thermal noise19 of power N (where the average transmitted 
power is limited to P) is given by: 
 

.
N

NP
logWC 2


      (5.2) 

 

Although simple in form this equation is fundamental to communications systems and is rich 
in significance. Essentially it tells us that given a transmission channel such as a cable 
connection, wireless link, etc. which is subjected to white noise, then whatever ingenuity is 
employed in the development of coding schemes, the transmission of data at a rate greater 

                                                
17 Attributed to Winston Churchill (1874-1965). 
18 In this context, ‘continuous information’ refers to, for example, the transmission of speech in contrast to 
discrete symbols. 
19 White noise is an idealised form of noise - the power spectral density of which is independent of frequency. 
The term ‘white’ is used in analogy to white light, which contains approximately equal amounts of all frequencies 
within the visible portion of the electromagnetic spectrum. See, for example, Haykin [2001]. 
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than C will simply result in increased error. 
To gain an insight into the work of Claude Shannon and Paul Fitts, it is instructive to 

consider for a moment the meaning assigned to the term ‘information’. In its common form 
we assume that information is, in some way, derived from the processing of data. For 
example, data may be obtained by conducting some type of survey, but in itself it has little (if 
any) meaning. By processing this data in an appropriate fashion we can derive or extract 
information and hence perhaps gain knowledge. However, in terms of information theory the 
term ‘information’ has a more specific meaning. As explained by Warren Weaver in Shannon 
[1949]: 
 

‘... two messages, one of which is heavily loaded with meaning and the other of which is pure 
nonsense, can be exactly equivalent from the present viewpoint, as regards information.’ 

 
In this context, information relates to freedom of choice in setting out a message - again 
quoting Weaver: 
 

‘…information in communication theory relates not so much to what you do say, as to what 
you could say.’ 

 
 
 
 
 
 
 
 
 
 
 
 
 

       (a)          (b) 

 
Figure 5.4: Diagram (a) illustrates one of the trials conducted by Fitts [1954]. Here, 
a pointer is moved as quickly as possible between two rectangular targets of width 
W, separated by a distance A. In the trial, both A and W were varied. Different 
combinations of A and W result in the same index of difficulty (see text for 
discussion). In (b) we illustrate an alternative movement scenario in which the 
pointer is moved between targets that are arranged in a circle (following the pattern 
indicated). The starting target is labelled ‘S’ and the final target in a single cycle ‘E’. 
This arrangement is intended to remove the directional bias demonstrated by Fitts’ 
original pointing task – for discussion, see Soukoreff and MacKenzie [2004]. 

 
More specifically, given two messages - one of which must be chosen for transmission (and 
we assume that the selection process is not biased to make it more likely that one will be 
selected rather than the other), then this situation is defined as corresponding to the 
transmission of one unit of information. Similarly, selecting one message from four 
corresponds to two units of information, and one from eight, three units of information, and 
so on. The relationship between choice20 and information is therefore given by: 

                                                
20 Shannon [1949] and Weaver (writing in the same text) describe stochastic processes in which sequences of 
symbols are selected according to certain probabilities, consider the Markoff process (in which probabilities 
depend on previous events), and place choice within the framework of entropy. The latter may be illustrated as 
follows. Considering n independent symbols whose probability of choice is given by p1, p2, p3… pi; leads to an 
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Amount of information = log2(the number of choices). 
 
In short, taking the logarithm of x (where x denotes the number of items in a series) gives the 
number of digits needed to represent the number in the base of the logarithm. For example, 
if x = 16, log216 = 4. Thus to represent 16 values (0-15) we require 4 binary digits (bits).21 
Returning now to Eq. (5.2), as both P and N have the same units their ratio is dimensionless. 
When we apply the logarithm function, we obtain an amount of information (expressed as a 
number of  bits).22 

Turning to the model created by Fitts which, as we have indicated, was obtained by 
analogy to Shannon’s theorem, Fitts [1954] defined an index of task difficulty (Id) such that: 
 

,
A2

W
logI 2d       (5.3) 

 
where Id is indicated in bits and as previously mentioned, W corresponds to the width of two 
target rectangles separated by a distance A. The inclusion of a somewhat arbitrary factor of 2 
in the denominator of the term within the logarithm provides an offset – by adding 1 bit to 
the index of task difficulty (-log2l/2=1). Consequently, for all practical situations the index will 
always be greater than zero. An index of performance (Ip) may also be defined:  
 

,
t

I
I d

p        (5.4) 

 
where t is the average time (in seconds) per movement. The negative sign appearing in Eq. 
(5.3) arises because it is assumed that W<A, and hence the value obtained from the logarithm 
is negative and a positive value of Id is required. Substituting Eq. (5.3) into Eq. (5.4), and 
incorporating the negative sign within the logarithm, we obtain: 
 

.
W

A2
log

t

1
I 2p       (5.5) 

 
Clearly, different combinations of A and W will give rise to the same value of Ip. For example, 
if we double both A and W, then Ip will remain unchanged.23 In the next subsection we 
consider the application of Fitts’ original hypothesis, and in Section 5.3.2 review other aspects 
of the model.24 
 
 
 
 
 
 
 

                                                                                                                                             
expression for information (H) given by  ii ppH log . By analogy this expresses information within the 

context of entropy. 
21 The logarithms of the values of x given here have integer results. The situation becomes less intuitive in the 
case of non-integer results. For example in the case of six choices, we could claim to have 2.585 bits of 
information. 
22 This is frequently quoted in publications as being measured in units of bits – which can cause confusion! 
23 Note that doubling the distance of movement (A) or halving the target width (W) will both result in increasing 
IP by 1 bit. 
24 For related reading, see for example, Fitts [1964, 1966]. 
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5.3.1 An Application of Fitts’ Model 
‘We’ve heard that a million monkeys at a million keyboards  

could produce the works of Shakespeare;  
now, thanks to the Internet, we know that is not true.’25 

 
Since the pioneering work of English et al. [1967], a number of studies have been conducted 
into the evaluation of interaction devices and the development of models on the basis of 
which their performance may be predicted. Work reported by Card et al. [1978] built on and 
extended the previous work of English et al. For example: 
 
(a)  The time to access the interaction tool was measured separately from the time taken to 
undertake the screen navigation task (i.e. the separation of the device acquisition and 
navigational times). 

 
(b)  Trials were conducted to investigate the effect of varying the distance to target. 

 
(c)  A more rigorous analysis of the data was performed; the results of which were generally 
in agreement with those predicted by Fitts’ Model. 

 
The interaction modalities used in the trials were the mouse, joystick (rate mode), step keys 
(arrow keys), and text keys. Participants were inexperienced computer users and one aspect of 
the trial focused on studying their rate of improvement as they gained familiarity with the 
interaction tools. Such a learning process can be approximated [De Jong 1957] by: 

 

,NTT 1N

       (5.6) 

 
where TN represents the positioning time of the Nth trial, Tl is that of the first trial, N is the 

trial number, and  is an empirically determined constant. Taking the logarithm of this 
expression gives: 
 

.TlogNlogTlog 1N        

 
Indicating that a graph of log TN against log N should demonstrate a linear relationship - with 

the gradient yielding a value for . Results obtained by Card et al. show agreement with this 
prediction. They then proceeded to consider navigation results in the context of Fitts’ Model. 
For this they used the version of Fitts’ Model given by Welford [1968]: 
 

,5.0
W

A
logKKT 2o 








       (5.7) 

 
where, as previously indicated, A is the distance to target, W is the target width, and T is the 
positioning time. The value of Ko includes the time for the hand to grasp the interaction tool 
and to make the selection of the target (and so excludes the navigation time). K is a measure 
of the information processing capacity of the eye-hand coordinate system and is the 
reciprocal of the index of performance (Ip) referred to in the previous subsection.26 For the 
mouse and joystick, the values obtained for Ko and K by regression analysis27 were: 

                                                
25 Attributed to Robert Wilensky. 
26 Ip is usually measured in bit.s-1. 
27 As we have not included information on the error analysis undertaken by Card et al., these values should be 
viewed as simply being indicative. The interested reader is referred to the original publication. 
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Mouse:  Ko = 1.03s, K = 0.096s.bit-1. Hence Ip = 10.4bit.s-1. 
Joystick: Ko = 0.99s, K = 0.220s.bit-1. Hence Ip = 4.6 bit.s-1. 

 
Thus indicating a time of approximately one second for acquiring the interaction device. The 
value of K for the mouse was found to be in line with eye-hand tracking trials that had been 
previously reported, of which the best performance (K=0.08s.bit-1) was obtained in a pointing 
trial conducted by Pierce and Karlin [1957]. Card et al. therefore suggested that the optimum 
performance of an interaction tool when considered from the perspective of the time to 
select an object may be modelled as: 
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     (5.8) 

 
If so, the mouse would appear to offer near-optimal performance. Whilst it may be possible 
to reduce Ko (i.e. the time to reach for the interaction tool), the value of K cannot be 
significantly reduced as it is close to the limit of the central information processing system’s 
(brain’s) capacities for eye-hand guidance. 

It would seem appropriate that this brief history should end with these apparently clear-
cut findings. However this is certainly not the case, and the amount of research concerning 
the application of Fitts’ Model and the evaluation and modelling of interaction devices 
continues to increase (see Footnote 32 in the next subsection). Furthermore, there remains 
no overarching and clear agreement on the results obtained. 
 

5.3.2 Further Aspects of Fitts’ Model 
‘Getting information off the Internet  

is like taking a drink from a fire hydrant.’28 
 
As outlined above, drawing on Information Theory, Fitts proposed that tasks involving 
movement require the transmission of information via a ‘channel’. This information is coded 
in a way that is analogous to, but much more complex than, an electronic communications 
system and in carrying out a task the motor system may be described as transmitting so many 
bits of information. Subsequent to its appearance, researchers have sought to derive a formal 
basis for Fitts’ Model. However, as with any model that does not necessarily provide an 
absolute representation of a natural system (and where the bounds of its validity are not fully 
understood), great caution must be exercised. Without due care we can, for example, end up 
fitting the person to the new clothes, rather than the more acceptable converse. In short, in 
fulfilling our natural desire to derive a certain mathematical result, we may be forced to make 
basic assumptions that are not necessarily accurate and that colour our perception of the 
system in question. With these cautionary remarks in mind, we present a simple ‘derivation’ 
of Fitts’ Model (drawing on Card et al. [1983], and MacKenzie [1992]). We leave the reader to 
consider aspects of this analysis that may contain potential flaws. 

Consider a target of width W lying at a distance A from the hand. We begin by assuming 
that in moving toward a target the hand follows a series of discrete micro-movements, with 
each movement being carried out to a certain level of accuracy. Drawing on the Human 
Model Processor, we can define the time for each of these corrective movements as being the 
sum of three events. These are: the time for the Perceptual Processor to observe the hand 

(p), the time for the Cognitive Processor to decide on a corrective movement (c), and the 

time for the Motor Processor to make this correction (m). Given that to reach the target n 

                                                                                                                                             
 
28 Attributed to Mitchell Kapor. 
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such corrective moves are required, then the total positioning time (T) may be expressed as:29 
 

  .ntnT mcp       (5.9)  

 
We assume that for each micro-movement, the distance covered is (1 - p) times the remaining 
distance (where p represents a constant of proportionality). Figure 5.5 illustrates positioning at 
the end of the ith movement - where the distance remaining to the target is denoted by yi. 
Hence: 
 

 Ap1x1      ,ApAp1Ay1   

 

 App1x2     .ApApp1Apy 2

2   

 
After n such micro-movements, the distance remaining is given by Apn, and of course when 
this is less than or equal to one half of the target width, the overall movement is completed. 
This suggests: 
 

     .
2

w
Ap n   

 
 
 
 
 
 
 
 

Figure 5.5: Motion toward a target is assumed to consist of a series of micro-
movements. For each of these movements, the distance moved toward the target is 
assumed to be (1-p) times the distance remaining. See text for discussion. 

 
Rearranging and taking the logarithm (base p), we obtain: 
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Changing from the base p logarithm to base 2, gives: 
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where ./c p 2log1 Substitution into Eq. (5.9) yields: 
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29 Card et al. [1983] suggest a value of 200-500ms for the action/perception feedback loop. 
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which is in the same form as that suggested by Fitts. There are in fact various modified forms 
of Fitts’ Model, such as the Welford [1968] version referred to in the previous subsection. 
Researchers have also proposed various other distinctly different models. In terms of Fitts’ 
original model, it has been observed that there is a disparity between experimental results and 
predicted behaviour for small values of Id, and that the error rate increases for smaller values 
of target width (which is to be expected), but not as the movement amplitude gets larger 
(which is not intuitively anticipated). 

In an informative publication, MacKenzie [1992] examines the results obtained by six 
different sets of researchers who have conducted trials with a number of interaction tools.30 
The results of these trials are summarised by MacKenzie and are surprising in their lack of 
numerical consistency.31 For example, in the case of the mouse, Card et al. [1978] obtained a 
value for Ip of 10.4 bit.s-1, whereas Epps [1986] reports a value for Ip of 2.6 bit.s-1. MacKenzie 
provides interesting discussion about possible reasons for the inconsistency of results.32 The 
interested reader is also referred to the publication by Soukoreff and MacKenzie [2004]. Here, 
in an effort to achieve better consistency in trials employing Fitts’ Model for movement time 
predictions and for the comparison and evaluation of novel interaction devices, a number of 
recommendations are formulated. These include the use of a multidirectional pointing task – 
recall Figure 5.4(b).33 This is intended to eliminate the motion bias associated with Fitts’ 
original experimental configuration.  

The trials referred to above focus on relatively simple 1D and 2D pointing tasks. The 
general lack of consistency in results reflects variations in experimental procedures and in data 
analysis/interpretation. Future trials are likely to include the evaluation of more complex 
systems involving, for example, the use of gesture-based and bi-manual interaction in 
association with emerging 3D display technologies.34 There can be little doubt that the 
inclusion of the third dimension will considerably complicate the evaluation process. In short; 
modelling the interaction opportunities offered by creative display technologies within the 
context of 3D applications is likely to pose far greater challenges to those involved in this area 
of activity.  
 

5.4 INTERACTION PARADIGMS 
As previously discussed, the conventional flat-screen display plays a vital role in the human-
computer interaction process. Not only does it provide output concerning the results of the 
computational process, but it also plays a pivotal role in the interaction feedback loop (recall 
Figure 5.1). Without doubt, whether we are using the keyboard, mouse, or some other kind of 
input device, the interaction process is reliant on the visual cues supplied by the display, and 
without the display all but the most trivial tasks would become impractical. In this section we 
introduce two key modalities of interaction within the context of the conventional display and 
interaction model.35  
 

                                                
30 For related reading, see also MacKenzie et al. [2001],  Crossman and Goodeve [1963], Doumen et al. [2007] 
and Card and Moran [1986].  
31 Also see MacKenzie and Buxton [1993] and Soukoreff and MacKenzie [1995]. who describe an automated 
system for use in Fitt’s Model analysis. 
32 Interest in Fitts’ Model appears to be by no means on the decline. An online search conducted in February 
2010 using the ‘Web of Knowledge’ reveals the following numbers of citations in connection with Fitts’ original 
1954 publication: 1955-1968: 48 citations, 1969-1982: 151 citations, 1983-1996: 428 citations, 1997-present: 1137 
citations. Such data must be treated with great caution and so these values are simply intended to be indicative. 
33 Recommended in the ISO9241-9 standard (2002). 
34 For related discussion (i.e. the extension of Fitt’s Model to 3D pointing tasks) see, for example, Murata and 
Iwase [2001]. 
35 In subsequent volumes, we extend this discussion and consider additional forms of interaction space that can 
be associated with creative 3D technologies. 
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5.4.1 Transferred Interaction 
‘I frequently tramped eight or ten miles through the deepest snow 

 to keep an appointment with a beech tree, or a yellow birch,  
or an old acquaintance among the pines.’36 

 
In the case of transferred interaction, the image and interaction spaces are physically separate 
and some form of cursor (or other image element) is used to provide the operator with visual 
feedback as to the mapping, navigation and effect of interaction events within the image 
space. In short, this form of interaction space is characterised by its complete separation from 
the image space and by the crucial need for a moveable cursor, or the like. This provides a 
visual cue on which we focus our attention when moving an interaction tool such as a mouse, 
and once the cursor (or other virtual entity) is correctly positioned, button(s) etc. may be used 
to trigger the required operation(s) (for example, the acquisition of an object). Naturally, in 
order to indicate current functionality the cursor may take on different visual forms.  

This interaction modality encompasses both 2D and 3D image and interaction spaces. 
Consider, for example, the form of interaction supported by the Nintendo Wii entertainment 
system. Here, a 3D interaction space is mapped onto a 2D image space (as generated by a 
monocular display). Conversely, elements within a 3D image space (for discussion on classes 
of image space see Section 7.2) may be manipulated from within the confines of a 2D 
interaction space. However, this generally results in non-intuitive interaction and it is 
desirable that a 3D image space should be supported by interaction tools that exhibit 3D 
functionality.   
 

5.4.2 Direct Interaction 
In the case of direct interaction, the image and interaction spaces physically coincide – or 
appear to do so.37  
 
 
 
 
 
 
 
 
 
 
The touch screen display modality (see Section 5.5) provides a simple example of a situation 
in which the image and interaction spaces physically coincide (assuming the use of a 
monocular display). Here, we are able to place equal visual attention on the display and the 
interaction device – the finger, interaction pointer, stylus or the like. Dependent on the 
application, size of touch panel etc., a cursor may be present - but for this interaction 
modality it is generally not essential. In contrast, in the case of transferred interaction as 
illustrated by the mouse, the visual system focuses exclusively on the display screen and gives 
little, if any, attention to the hand/mouse. Furthermore a cursor (or other similar entity) is 
essential to the interaction process. Of course, our ability to use a mouse without continually 
glancing at it provides a clear indication of its intuitive functionality. However, when we 
consider supporting more complex (spatially and/or temporally intricate) interaction 

                                                
36 Attributed to Henry David Thoreau (1817-1862). 
37 In the case of 3D display systems we occasionally encounter situations in which the apparent coincidence of 
an image and interaction space has no physical basis, but is an illusion based on information that is supplied to 
our sensory systems – see subsequent volumes of this work for further discussion. 

For our current purposes, we consider the coincidence (or otherwise) of image 
and interaction spaces not simply in terms of their physical location, but also on 
the basis of our perception of location. Thus if our sense of sight coupled with 
cues that we associate with proprioception (recall Section 3.4) suggest that an 
image and interaction space coincide, then this in itself is sufficient and whether 
this is fact or illusion is usually irrelevant. 
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opportunities, the direct interaction modality offers to capitalise on human dexterity by 
enabling both the image and interaction tool(s) to be concurrently visible.38    
 

5.5 TOUCH SCREEN TECHNOLOGIES 
‘To her fair works did Nature link 

The human soul that through me ran;  
And much it grieved my heart to think  

What Man has made of Man.’39 

 
As with the mouse and joystick, touch screens are by no means new and evolved from the 
digitising tablet technologies developed in the early 1960’s.40 They provide a 2D interaction 
environment and in terms of the terminology introduced in the previous section represent the 
‘direct’ interaction modality in which display and interaction spaces are coincident. As 
summarised in Figure 5.6, three general types of action may trigger an interaction event.  
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 5.6: A touch panel may register an interaction event when the interaction tool 
(e.g. a finger) is simply in close proximity with the panel – or may require physical 
contact. In this latter case, an interaction event may be triggered simply by contact or 
may require the application of pressure. These three modalities can impact on the ability 
of the panel to differentiate between intended actions and movements preceding such 
actions. To increase the robustness of the interface, a minimum ‘touch’ duration is 
usually designated.  
 

                                                
38 Although in the case of displays that are fundamentally based on the principle of the stereoscope (see Section 
6.3), the image and interaction tool(s) may not be simultaneously in focus. 
39 William Wordsworth (1770-1850). 
40 One of the earliest examples of this type of interface modality is the ‘Rand Tablet’ developed by the Rand 

Corporation in the early 1960’s [Davis and Ellis 1964]. With an active surface measuring 10 by 10, it employed 
two sets of 1024 conductors arranged in rows and columns. Interaction was achieved via a stylus. A unique 
digital code was applied to each conductor and the stylus was able to sense these codes and hence the coordinate 
pair defining the stylus’ position could be determined. A further example of an early and rather ingenious 
digitising tablet [Brenner 1970] operated as follows ‘…strip microphones are mounted along two adjacent edges of the 
tablet… The stylus has a small piece of ceramic mounted close to its tip, and at regular intervals a small spark is generated across 
the surface of the ceramic between two electrodes. The microphones pick up the pulse of sound generated by the spark, and two 
counters record the delay between creating the spark and receiving the sound. These two delays are proportional to the stylus distance 
from the two edges of the tablet where the microphones are mounted.’ [Newman and Sproull 1982]. 
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In one scenario, it is sufficient to bring a finger or other form of interaction tool into close 
proximity with the touch panel. Alternatively, and more commonly, physical contact must be 
made – in which case an interaction event may be triggered with or without the need to apply 
pressure. These scenarios can impact on the ability of the touch panel interface to distinguish 
between an intended choice and actions that precede the choice, and which are part of the 
decision making process (during which time the fingers are likely to ‘dither’ above the screen 
surface). 

As summarised in Figure 5.7, touch panels may support only sequential discrete 
interaction events (e.g. those employed in ATM’s), may support sequential continuous events 
(e.g. enabling an object to be dragged across the screen by means of a finger or other form of 
interaction tool), or may support multiple simultaneous events (thereby enabling, for example, 
gesture-based input from one or more users). 

Touch panel technologies are well suited for use with small to medium size displays. 
However, in the case of larger configurations supporting multi-touch, gesture-based 
interaction, the touch panel approach may be non-optimal. Here, difficulties can arise because 
in order to use the touch screen a user must obviously be in close proximity to it. However, 
when in such a position a large format display will extend well beyond the user’s field of view. 
As a result the user may lose the overall sense of perspective – leading to a need to regularly 
step away from the screen. 

 
 
 
 
 

 
 
 
 
 
 
 

Figure 5.7: Touch panel technologies may be limited to supporting only sequential 
discrete interaction operations (e.g. button-based selections) or may be able to react to 
sequential continuous interaction (e.g. drag and drop operations). In the most flexible 
scenario, touch panels are able to support multi-touch operations whereby one or more 
users can simultaneously interact using (2D) gesture-based forms of interaction.  
 

A broad range of approaches may be adopted in the implementation of touch screens. These 
may be grouped into two general categories – touch screens that comprise one or more 
transparent layers which are overlaid on the display screen, and those that employ position 
sensing systems arranged around the edges of the display. For our purposes these are 
respectively referred to as ‘surface overlay’ and ‘peripheral element’ technologies. In Figure 
5.8 we summarise several techniques that may be employed in the implementation of touch 
screens (this is simply intended to represent an indicative subset of current approaches), and 
for convenience group them according to these two categories. In the subsections that follow 
we briefly outline these general technologies.    
 

5.5.1 A Row and Column Technique 
In principle, this represents the simplest approach and employs two sets of transparent 
conductive elements separated by a small gap (see Figure 5.9). The application of pressure to 
the screen causes local deformation such that a row conductor is brought into contact with a 
column conductor – thereby completing an electrical circuit. By individually monitoring the 
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row and column conductors, the coordinates of the point of contact can be obtained (there is, 
of course, the possibility/likelihood that more than a single pair of conductors will be placed 
in electrical contact). Accuracy in position measurement is naturally dependent on the density 
of row and column conductors. 

This type of touch panel is typically implemented by depositing narrow strips of 
transparent indium tin oxide (ITO) onto both rigid and flexible substrates. These are placed 
in close proximity with the flexible substrate forming the front surface of the touch panel.  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

  
 
Figure 5.8: Exemplar techniques that may be used in the implementation of touch 
screen systems. Here, these are grouped into two broad categories – those approaches 
that comprise one or more transparent, planar elements that are placed over the display 
screen (the ‘surface overlay’ method) and those that are formed using only sensing 
elements arranged around the edges of the screen (the ‘peripheral element’ approach). 

 

5.5.2 A Resistance Technique 
In the most basic scenario, indium tin oxide is deposited on a glass substrate. A voltage is 
then applied across this conductive material and (because of its finite resistance) a uniform 
potential gradient is established. A stylus is used to measure the potential at any point on the 
panel and this information is used to determine the coordinate of the point of contact. 
However, to generate a coordinate pair two measurements are needed and here several 
approaches may be adopted. For example, and in the simplest case, four conductive (low 
resistance) strips are affixed to the edges of the panel. A potential is then applied to one pair 
of conductors (located on opposite edges) and then to the other pair. Hence, two orthogonal 
potential gradients are established in turn, so enabling the coordinate pair to be calculated. 
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Figure 5.9: In the simplest case a touch panel may be implemented using two sets of 
transparent conductors which are separated by a small gap. The lower set is formed on a 
rigid transparent substrate, and the upper set on a transparent and deformable surface. 
The upper and lower sets of conductors are aligned orthogonally. When ‘touched’ the 
upper sheet is depressed and a row and column conductor are brought into contact – 
thereby completing an electrical circuit. Here, conductors X1 and Y1 are brought into 
electrical contact. 

 

Clearly this rudimentary approach has several weaknesses. These include the need to use a 
special stylus (rather than being able to touch the panel with a finger or arbitrary form of 
pointing device), susceptibility to electrical interference, the requirement that the transparent 
conductor should exhibit uniform resistive properties, and so on. In this latter respect, even if 
at the time of manufacture the resistance of the panel is homogeneous, stylus contact will 
quickly result in a marked deterioration of this uniformity. Hence it is usual to place the 
conductive coating on the rear surface of the glass panel and apply an alternating current 
which can be sensed by the stylus via induction. In this case, the stylus does not need to make 
electrical contact with the conductive layer and so the layer is protected. For examples of this 
technique see US Patent 4,600,807 and patents cited therein. 

The resistive method can be extended by employing two sheets of transparent material, 
both equipped with conductive coatings and separated by a small gap (see Figure 5.10). When 
the screen is touched, deformation occurs bringing the sheets into electrical contact. This 
eliminates the need for a special purpose stylus. 

As with the previous scenario, in order to determine the coordinates of a point of contact, 
two independent measurements are taken – one yields the x coordinate and the other the y 
coordinate. In Figure 5.11(a), a simplified equivalent electrical circuit is provided (parasitic 
capacitance is ignored). Here, resistor R1 represents the resistance of the conductive layer 
from conductor E1 to the point of contact. Let us assume that the screen coordinates are in 
the range (0,0) to (xm,ym) and that the point of touch occurs at (x,y). Consider the case that we 
wish to determine the x coordinate. Assuming that the resistance per unit length of the 
conductive layer is denoted R, then: 
 

     ,RxR1     .xxRR m2      (5.11) 

 
A measurement is now taken by establishing a voltage gradient across one conductive layer 
and sampling the voltage at the point of contact by means of the second layer. The effective 
circuit is shown in Figure 5.11(b). As can be seen, a voltage V is applied across one layer and 
the voltage at the point of touch (Vm) is determined (for simplicity, we assume that both wires 
to the second layer are connected to high impedance devices and so minimal current flows 
through R3, R4 and R’). On the basis of the standard formula for a potential divider we can 
write: 
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Figure 5.10: Here, transparent conductive coatings are deposited on the inner surfaces 
of two transparent substrates. These are separated by a small gap and whereas the inner 
substrate is rigid, the outer surface is deformed by touch. As a result, electrical contact 
between the layers occurs at the point at which pressure is applied. The example shown 
here is commonly referred to as the 4-wire approach as a total of four electrical 
connections are made to the layers (a 5-wire technique is also commonly employed). 
These connections are denoted as E1 to E4 and run along two opposite edges of each 
layer. Typically, the conductive layers are formed using indium tin oxide (ITO). Both 
conductive layers have associated (and uniform) resistance and when a voltage is applied 
between opposite edges, a potential gradient is established. See Figure 5.11 for an 
equivalent circuit. 

 

Substituting Eq. (5.11) into this expression and re-arranging, we obtain: 
 

      .
V

V
1xx m

m 







      (5.12) 

 
Thus by measuring Vm, we can determine the x coordinate of the point of touch. This 
process is then repeated for the y coordinate by establishing the voltage gradient across the 
other conductive panel. In addition by grounding (for example) R4, we can make a further 
measurement and determine the contact resistance (R’) – which indicates touch pressure (i.e. 
touch force/touch area). 
 

5.5.3 A Projected Capacitance Technique  
‘I paint objects as I think them, 

not as I see them.’41 

 
Touch panels employing capacitive sensing techniques can be implemented in a number of 
ways. One approach (the single layer method) employs a matrix of transparent rectangular 
conductors deposited on a glass or plastic substrate – see Figure 5.12(a). Each of these 
electrodes is individually connected to the controlling hardware and collectively they are at a 
common potential. When a finger or other conductive interaction pointer is brought close to 
any electrode, a capacitor is formed – as indicated in Figure 5.12(b). As a result, the charge 
stored on the electrode changes, and consequently its potential is no longer equal to that of 
the other electrodes (recall elementary science experiments using a gold leaf electroscope). 
This relative change in potential is detected thereby enabling the interaction coordinates to be 
determined.   

                                                
41 Attributed to Pablo Picasso (1881-1973). 
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(a)                  (b) 

 
Figure 5.11: In (a) we show the equivalent electrical circuit for the resistive touch 
panel illustrated in Figure 5.10. Here, R1 to R4 indicate resistances between the edge 
conductors and the point of contact. Resistor R’ represents the contact resistance 
between the two conductive layers and is a function of both touch force and area (i.e. 
the pressure of the touch). This diagram is re-drawn in (b) to show the effective 
circuit when a measurement is being taken – in this case the determination of the x 
coordinate. In addition, by temporarily grounding R4 it is possible to calculate the 
contact resistance R’ and hence the ‘touch pressure’. Microcontrollers such as the 
Atmel® AVR341 are designed to work with both 4 and 5-wire touch screens.   

 
5.5.4 Infrared Techniques 
The exemplar touch screen technologies outlined above require one or more transparent 
surfaces to be overlaid on the display screen (the ‘surface overlay’ technique – recall Figure 
5.8). Unless the refractive indices of the various components that comprise the touch panel 
(and through which light from the display screen must pass) are carefully matched, image 
quality is likely to be compromised. The ‘peripheral element’ technique eliminates this 
problem by removing the need for the overlaid structures. In this scenario, transducers 
located at the edges of the display screen are used to determine the touch coordinates. A 
number of approaches may be adopted and below we briefly consider two ways in which 
infrared (IR) technologies may be employed.  

One method involves establishing a rectangular array of IR beams over the surface of the 
display screen using a set of IR light emitting diodes placed along two orthogonal edges of 
the screen. Phototransistors are located along the other two edges such that for each IR 
source there is a corresponding detector. Touching the screen results in the interruption of 
one or more ‘row’ and ‘column’ beams. This is sensed by the phototransistors and so the 
touch coordinates can be readily determined. 

Alternatively, triangulation techniques can be adopted in the implementation of the 
‘peripheral element’ approach. For example, two adjacent corners of a screen may be 
equipped with one-dimensional IR sensing arrays. Additionally, so as to provide illumination, 
a number of IR sources are arranged along the periphery of the screen. A screen touch results 
in the sensors detecting the presence of a shadow - whose location can be determined by 
triangulation.  

The first of the above approaches (using the rectangular array of IR beams) represents a 
relatively expensive method - with cost rising as display dimensions are increased. In contrast 
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the IR imaging technique (and other methods based on triangulation) is well suited to large 
screen formats. However, when triangulation is used, position detection accuracy is likely to 
vary with touch location. 

 
 
 
 
 
 
 

 
 
 

 
 

(a)    (b) 

 
Figure 5.12: In (a), a cross-section through a touch panel employing a ‘projected 
capacitance’ technique. As indicated in (b) a capacitor is formed when a finger or other 
conductor is brought close to an electrode. 

 

5.5.5 Dispersive Signal Technology 
‘A computer once beat me at chess,  

but it was no match for me at kick boxing.’42 
 

This possibly represents the most scientifically challenging approach to touch screen 
implementation and makes use of a chemically hardened glass plate, bonded to each corner of 
which is a piezoelectric transducer (able to convert mechanical energy into electrical signals). 
Touching the glass plate (even lightly) subjects it to a mechanical impulse that results in small 
and complex vibrations radiating from the point of contact and travelling through the bulk of 
the glass (Figure 5.13). Such ‘bending waves’ are a superposition of waves of numerous 
frequencies.  

The speed at which a wave travels through a medium relates to its frequency (an effect 
known as ‘dispersion’), and so the frequency components that comprise the bending wave do 
not all radiate from the point of touch at the same speed. In short, as the waves pass through 
the glass higher frequency components travel more rapidly and reach the piezoelectric 
detectors earlier than lower frequency components. The extent to which the various 
components comprising the bending wave are ‘smeared out’ in this way relates to the distance 
of the bending wave’s point of origin (i.e. the point of touch) from each detector. 
Unfortunately matters are complicated by wave reflections occurring at the edges of the glass 
plate. These increase the complexity of the wave patterns travelling through the glass and 
hence the difficulty of computing the point of touch. 

At the time of writing, this approach has been developed to operate with thin panel 

displays of up to 46 in width and the product developer (3M®) indicates a response time on 
the order of 20ms. 

 

5.5.6 Frustrated Total Internal Reflection 
There are many situations where interactive operations are facilitated through support for 
multiple simultaneous touch events. These may arise when a single user wishes to interact 
using both hands, or via the fingers and thumb of a single hand (e.g. Apple iPhone 

                                                
42 Attributed to Emo Philips. 
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interactions). In some scenarios in which larger panel displays are employed it can be 
beneficial to extend such interaction modalities so as to support two or more users – enabling 
them to perform independent or collaborative interaction operations (see, for example, 

Microsoft Surface, illustrated in Figure 5.14).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 5.13: A stylised rendition of the Dispersive Signal 
Technology. In actual fact this approach is underpinned 
by waves propagating within the body of the hardened 
glass touch panel. (Image reproduced courtesy of 3M 
Touch Systems.)   

 

 

 

Figure 5.14: Microsoft’s Surface computing technology. 
This supports various 2D gesture-based interactions and is 
able to recognise certain forms of object placed on the 
surface. The camera and DLP projector are located below 
the panel. (Photographs supplied by and reproduced 
courtesy of Microsoft Corporation.) 
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The majority of touch screen technologies are not well suited to such situations, and are best 
restricted to the sequential discrete and sequential continuous forms of interaction operations 
summarised in Figure 5.7. This limitation may arise directly as a consequence of the 
underlying physical mechanism that is used to sense touch position or may relate to ensuing 
increases in the complexity of the interconnect system (via which touch data is passed to the 
controlling hardware). In order for a touch panel to support multiple simultaneous touch 
events, it is necessary for both of these aspects of touch screen implementation to support an 
appropriate degree of parallelism. This is illustrated in the simple example presented in Figure 
5.15 where, as may be seen, the interconnection scheme prevents the sensing of all four of 
the simultaneous points of contact. 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.15: A touch panel implemented using two sets of transparent conductors 
separated by a small gap (recall Section 5.5.1). In this simple example, if the panel is 
simultaneously ‘touched’ at points (a), (b), (c) and (d) then only three of the four points 
of contact can be detected.  

 
Several of the approaches employed in supporting the multi-touch paradigm are camera 
based. In this scenario, points of touch are marked by the emission of visible or non-visible 
radiation which is detected by the camera system - image processing techniques being used to 
determine the coordinates of the point(s) of contact. Systems of this type differ in terms of 
the way in which the radiation is generated. In the simplest case the camera system directly 
captures radiation emanating from the finger or other form of pointer. However, this 
approach has several significant weaknesses including the difficulty of distinguishing between 
an actual touch event and the case of a finger (or the like) hovering close to the surface of the 
touch panel. In addition it is likely to restrict the types of implement that may be used in 
interacting with the panel, and in the case that the camera system detects infrared radiation 
emanating from the uncovered fingers, reliability will be influenced by changes in the ambient 
temperature. 

An elegant approach to the implementation of a camera based multi-touch panel employs 
‘frustrated total internal reflection’ (FTIR) and is outlined in Han [2005]. This technique only 
detects actual touch events (i.e. when contact is made with the panel) and so does not register, 
for example, a finger dithering above the panel. Recall that when radiation traverses a 
boundary between two media which possess differing optical densities, it undergoes 
refraction – the deviation in its direction of propagation being given by Snell’s well-known 
law: 
 

.sinsin 2211  nn        (5.13) 

 

Here, n1 and n2 denote the refractive indices of the two media, 1 the angle of incidence and 

2, the angle of refraction. Total internal reflection can occur when radiation is incident on an 
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interface with a less optically dense medium (i.e. when n1>n2). For example, consider radiation 
that is incident at a glass-air boundary. As the angle of incidence increases, the angle of 

refraction will approach 90. Beyond this ‘critical angle’ of incidence (c), radiation will be 
unable to emerge from the glass and will undergo total internal reflection (TIR) – see Figure 
5.16(a). For example, assuming that n1= 1.52 and n2= 1.003 then, from Eq. 5.13 it follows 
that: 
 

.3.41
52.1

003.1
arcsin o

c 







  

 
In Figure 5.16(b), we illustrate the effect of bringing an object (such as a finger) into contact 
with the surface of the glass at the point at which incident radiation is undergoing TIR. At the 
boundary, the radiation is now scattered and passes back through the glass in such a way that 
some of it emerges from the opposite surface – the process of total internal reflection has 
been ‘frustrated’. 

The touch screen described by Han [2005] is summarised in Figure 5.17. A glass (or 
acrylic) sheet acts as an optical waveguide into which a set of infrared LED’s inject radiation 
(the LED’s being arranged along an edge of the sheet). A video camera placed beneath the 
touch panel images radiation that is scattered when touch events occur. Finally a diffusing 
surface (placed slightly below the glass plate) and DLP projector form the display system.43 

One disadvantageous feature of camera-based touch screen display technologies concerns 
the depth of the overall system - space being needed behind the panel to house the camera 
system (along with the DLP projector). However, in the case that the touch panel display is 
mounted horizontally (table configuration) this space can be readily made available.   

 
 

 
 
 
 
 

(a) 
 

 
 
 
 
 
 
 

(b) 

 
Figure 5.16: In (a) radiation undergoes total internal reflection. In contrast, in (b) an 
object (such as a finger) is brought into contact with the glass. This causes radiation to 
be scattered, so enabling it to emerge through the opposite surface of the glass plate. 
This process is commonly referred to as ‘frustrated total internal reflection’. 

 
 
 

                                                
43 For introductory discussion on DLP projector technologies see, for example, Dudley et al. [2003] and Younse 
[1993]. 

air 

Glass plate 

Object brought into contact with 
the surface of the glass plate 

Scattered light 

Total internal reflection 



178  3D Displays and Spatial Interaction              Barry G Blundell 

 

 
 
 
 
 
 
 
 

Figure 5.17: A cross-sectional overview of key elements employed by an FTIR form of 
touch panel. Infrared radiation is injected along the edge of a glass plate which acts as 
an optical waveguide (a large portion of the radiation being contained as the light 
repeatedly undergoes total internal refection). A light scattering surface (which forms 
the display screen) is located slightly beneath the glass plate (touch panel) and onto this 
surface images are projected. When a touch event occurs, the process of TIR is 
interrupted and scattered light emanating from the point of touch is imaged by the 
camera system.  (Adapted from Han [2005].) 

 
Benko et al. [2008] describe a novel display and touch screen configuration in which images 
are projected onto the surface of a sphere (using DLP projector technology). In addition, an 
infrared camera system is used to detect touch events occurring on the sphere’s surface. 

 

5.6 SPATIAL INTERACTION 
‘I heard a thousand blended notes  

While in a grove I sate reclined,  
In that sweet mood when pleasant thoughts  

Bring sad thoughts to the mind.’44 

 
The touch panel technologies outlined in the previous section provide an interaction surface. 
We now briefly turn our attention to techniques that offer a 3D interaction space. In terms of 
the terminology introduced in Section 5.4, such an interaction space may represent the 
transferred interaction modality in which the image and interaction spaces are physically 
separated (e.g. spatial interaction with conventional monocular display(s)). Alternatively, it 
may take the form of the direct interaction modality (e.g. spatial interaction with various 
forms of creative 3D display system in which the image scene resides in, or appears to reside 
in, the interaction space).  

We begin by considering the use of a single three-degrees of freedom (3-DOF) pointer or 
wand. In Section 5.6.2 we extend this discussion by outlining the use of a wand able to 
support the 6-DOF interaction modality. Finally, in Section 5.6.3 we briefly introduce aspects 
of the free-hand gesture-based interaction paradigm in which interaction is achieved through 
hand and finger movements.  
 

5.6.1 Interaction Using a 3-DOF Wand 
‘Perl: The only language that looks the same  

before and after RSA encryption.’45 
 
Interaction devices that take the form of a wand or pointer operate within a 3D interaction 
space, and have the potential to offer an intuitive means of interacting with both 2D and 3D 
images. Tools of this type are currently receiving considerable attention and finding numerous 
applications. However, the notion of using a wand or baton type pointer for human-
computer interaction is by no means new and can be traced back at least as far as the mid 

                                                
44 William Wordsworth (1770-1850). 
45 Attributed to Keith Bostic. 
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1960’s – when Roberts [1966] carried out interesting research into the implementation and 
use of the so-called ‘Lincoln Wand’. This is a three-degrees of freedom (3-DOF) interaction 
tool in which the position of the tip of the wand in 3D space is continually measured (this 
contrasts with the 6-DOF type of wand outlined in the next subsection in which both tip 
position and yaw, pitch and roll actions (i.e. movements of the wand’s body) can be used to 
effect interaction).  Roberts determined the position of the tip of the wand using four 
ultrasonic transmitters in conjunction with a receiver located in the wand. Each ultrasonic 

source was activated sequentially for a period of 20s and the time taken for each 
transmission burst to reach the receiver within the wand was used to triangulate the wand’s 
location.46 Since the system was intended to simply determine the location of the tip of the 
wand (and not the wand’s orientation), the triangulation scheme actually required only three 
transmitters and one receiver. Roberts indicates that a fourth transmitter was included to 
provide a geometric check on the measurements obtained via the other three transmitters.47 
As indicated in Figure 5.18, each transmitter was located at a corner of the square display 
screen (which is assumed to have sides of length 2a).  
 
  
 
 
 
 
 
 
 
 
 
 
 

 
Figure 5.18: The ‘Lincoln Wand’ developed in the 1960’s. Here, four ultrasonic sources 
are arranged at the corners of the display screen and are used to triangulate the location 
of the tip of a wand (within which there is an ultrasonic receiver). Each transmitter is 
activated sequentially and a ‘time of flight’ approach is used to determine the wand’s 
position (x,y,z). (Adapted from Roberts [1966].)   

 
From the geometry indicated in this illustration, it follows that distances d1 to d4 are given by: 
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46 This parallels the approach adopted by Ivan Sutherland at around the same time in the implementation of a 
head-mounted augmented virtual reality system – see Section 8.3.1. 
47 When ultrasonic triangulation is employed there are various possible sources of error. In a worst case scenario, 
the line of sight transmission is temporarily blocked and so the direct transmission does not reach the receiver. 
However, the receiver may detect an extraneous transmission which is caused by the signal being reflected from 
walls or other objects. This leads to an incorrect measurement of distance. Various approaches may be adopted 
to overcome this difficulty including the use of a fourth transmitter and/or comparison between successive 
location measurements. For further discussion on the ultrasonic triangulation process see, for example, Burdea 
and Coiffet [2003], and Blundell [2008].  
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Combining these equations yields: 
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Thereby providing a second method of calculating the x and y coordinates and so enabling 
the initial measurements to be verified. In addition, from Figure 5.18 it is apparent that: 
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Ultrasonic waves propagate at a speed (v) given by: 
 

,T6.0331v      (5.14) 

 
where T denotes the air temperature in degrees Centigrade. Thus distances d1 to d4 may be 
determined from the propagation times (t1 to t4) of the ultrasonic signals. For example: 
 

 .T6.0331td 11       (5.15) 

 
Roberts indicates a position sampling frequency of 25Hz, an interaction space measuring 4 by 
4 by 6 feet, and an absolute accuracy in position measurement of 0.2 inches.48 In terms of the 
Wand’s application, Roberts writes: 
 

‘The ability to provide conveniently three-dimensional position information makes it practical to 
draw lines and curves in three dimensions. Translation of solid objects ‘stuck’ to the WAND 
is also straightforward. In a slightly less direct manner rotations and viewpoints can be 
controlled. It is probably not profitable to use the three coordinates from the WAND for more 
complicated input data (such as rotation angles) unless the transformation is easily 
comprehended, because the user needs to be able to predict the effect of each movement using the 
2D display mainly for confirmation. An acceptable method of rotating an object would be to 
‘fix’ one point on it and move another point. This would control two angles of rotation and the 
object size...’ 

 
The 3-DOF wand paradigm offers only limited opportunities for gesture-based interaction, 
but is well suited for use in situations in which the image and interaction spaces coincide (i.e. 
the direct interaction modality). In such a scenario, the tip of the wand can be brought into 
‘contact’ with virtual 3D objects, and through the appropriate inclusion of support for haptic 
feedback, objects are able to exhibit solidity (see related discussion in subsequent volumes 
concerning the operation and use of the 3-DOF form of haptic probe). 

 
 
 

                                                
48 Although as mentioned previously, in the case of any triangulation technique, accuracy varies with position. 
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5.6.2 Interaction Using a 6-DOF Wand 
The extension of the ultrasonic technique outlined in the previous subsection so as to 
implement a satisfactory 6-DOF wand-based sensing system is unlikely to produce 
satisfactory results (at the very least, the inclusion of additional receivers or transmitters 
within the wand would give rise to a bulkier and less convenient interaction tool). However, 
hybrid methods are feasible – one example of which is summarised in Figure 5.19. Here, the 
ultrasound technique (or similar) is used to determine the position of the wand’s tip. Yaw and 
pitch data is obtained by means of a laser diode mounted within the wand. A single camera is 
used to detect the point at which light emanating from this laser impinges on the display 
screen. Armed with these coordinates and assuming that the spatial position of the tip of the 
wand is known with sufficient accuracy, the calculation of the wand’s yaw and pitch angles is 
trivial. In addition, the roll angle may be obtained by using a laser beam which has a suitable 
asymmetrical cross-sectional profile together with an appropriate image processing algorithm. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.19: In this scenario, ultrasound techniques (see Section 5.6.1) are used to 
determine the position in space of the tip of the wand. Yaw and pitch angles can then 
be determined by measuring the coordinates of the point at which laser radiation 
(visible or non-visible) emanating from the wand intersects the display screen. 
Additionally, the role angle may be measured by employing a laser beam which has an 
asymmetrical cross-section.  

 
A wand sensing system can also be implemented using only cameras. This has the advantage 
that the wand can be entirely passive and can take the form of a plastic rod with coloured 
surface markings that provide the tracking information. This technique is briefly described by 
Cao and Balakrishnan [2003] who employ a wand equipped with coloured end markers. 
These are tracked using a stereoscopic camera system. Guo et al. [2007] provide more 
extensive discussion and advance the technique by affixing an additional coloured marker to 
the wand thereby supporting 6-DOF (they retain the use of two cameras).  
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In one of his numerous publications, Adrian Travis points out a simple practical 
problem associated with 3D computer display technologies which require the user 
to don special forms of viewing glasses – the glasses are easily and continually 
misplaced! The same issue arises when we consider the use of special purpose 
wands for effecting computer interaction. Thus an ideal form of gesture-based 
wand technology should not necessitate the use of special purpose pointing 
devices, but should employ common forms of pen etc. 
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Both ultrasonic and camera-based systems provide practical tracking solutions but rely on 
line-of-sight communication. Consequently, if a person using a wand inadvertently occludes 
the coloured markers or blocks the line-of-sight passage of ultrasonic signals, tracking data 
will be lost. This problem may be ameliorated by building redundancy into the tracking 
system (e.g. increasing the number of cameras).  

For further related discussion see, for example, Lei and Coulton [2009], Ciger et al. [2003], 
Wilson and Shafer [2003], and Bradley and Roth [2005]. Also for discussion on the use of 
laser pointers for interaction see Oh and Stuerzlinger [2002]. 

Finally, we refer to an alternative object-tracking technique that employs the so-called 
Flock of Birds® technology.49 This contrasts with ultrasonic and optical-based systems in that 
it does not rely on line-of-sight communication, and operates on the generation and 
measurement of magnetic fields. Traditionally, magnetic sensing systems were based on 
magnetic fields generated using alternating currents (AC), and tracking accuracy was 
significantly influenced by the presence of metallic objects. In contrast, the Flock of Birds 
technology generates pulsed magnetic fields using a switched direct current (DC) signal. Thus 
during the period in which the field is enabled, it retains a steady-state value.  

Tracking is achieved through the sequential generation of three magnetic fields, these 
being detected by a receiving device equipped with three orthogonal antennae. In addition, 
the system monitors and accounts for the ambient magnetic field caused by, for example, the 
Earth’s magnetic field. The Ascension Technology Corporation indicate that their technology 
is five times less sensitive to local metallic components than the more traditional sensing 
technology in which AC is used for magnetic field generation.50 Up to four receivers may be 
tracked simultaneously. 
 

5.6.3 Free-Hand Gesture-Based Spatial Interaction 
In section 5.5 we introduced several touch screen technologies and distinguished between 
approaches limited to handling ‘sequential discrete’ events and those (such as the Microsoft 
Surface technology) which are able to operate with ‘multiple simultaneous’ forms of input 
thereby supporting (to a greater or lesser degree) 2D gesture-based interactions. Subsequently, 
we considered the wand-based interaction modality. The ‘Lincoln Wand’ described by 
Roberts in 1966 represents a 3-DOF interaction tool able to operate within a 3D space and 
support basic gesture-based interaction. In contrast the 6-DOF wands alluded to in the 
previous subsection provide far greater opportunities for more complex forms of interaction.  

Although we have outlined two approaches that employ ultrasonic and magnetic position 
sensing techniques (the Lincoln Wand and the Flock of Birds technologies), the majority of 
spatial interaction systems in fact employ optical (camera-based) methods. The basic scheme 
is summarised in Figure 5.20. Using two or more cameras the computer-based technology has 
an ability not only to ‘see’ and ‘identify’ specified physical objects, but can also determine 
their relative positions, trajectories and orientations. This provides a rich source of input and 
presents many interesting opportunities. A further key ingredient of today’s spatial interaction 
systems concerns the availability and application of low cost, high-performance DLP 
projection technologies. These enable high-quality images to be projected onto practically any 
form of surface and present a refreshing opportunity to revise our generally preconceived 
notions as to the essential form and nature of the ‘computer display’.51  

                                                
49 Manufactured by Ascension Technology Corporation. 
50 Flock of Birds white paper [Ascension Technology Corporation 2000]. 
51 Interestingly, in the 1960’s projection televisions gained considerable popularity. These employed a small (~2˝ 
diameter) CRT – images from which were cast onto a large flexible diffusing screen using an appropriate optical 
arrangement. The author fondly recalls the high quality images produced by such televisions (along with the 
pleasure that could be derived by scavenging optical components from such televisions when they were finally 
discarded). The key problem to this approach centred on the need to supply a high voltage to the small CRT’s 
final anode (thereby generating source images of high brightness). Consequent X-ray emission caused servicing 
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Figure 5.20: Key ingredients of various emerging spatial interaction systems. Here, 
cameras and/or other 3D position sensing technologies coupled with machine vision 
techniques enable the host computer system(s) to ‘see’ and ‘identify’ specified physical 
objects and furthermore determine their relative positions, trajectories and orientations. 
The sensing system(s) define the dimensions of the interaction space and similarly the 
image projections system(s) define the characteristics of the image space. This form of 
arrangement offers great flexibility, especially in defining the relationship between image 
and interaction spaces. Additionally, it can, in principle, seamlessly bring together a 
plurality of image and interaction spaces which are physically remote. 

 
There are many examples of highly innovative systems that capitalise on, and advance, this 
general architectural model. For example, Hilliges et al. [2009] describe work undertaken in 
the development of technology that extends the ‘surface computing’ paradigm (recall, for 
example, the Microsoft Surface technology (Section 5.5.6)) so as to enable a user to carry out 
interactive operations both on, and above, the table surface.  

The release of the futuristic Spielberg film ‘Minority Report’ in 2002 stimulated 
widespread popular interest in free-hand, gesture-based interaction techniques whereby one 
or more users are able to interact with digital systems using hand and finger-based 
movements.52 An excellent example of a sophisticated, free-hand, gesture-based interaction 

system is g-speak developed by Oblong Industries. Figure 5.21 shows an exemplar 
interaction scenario. However, static photographs provide little insight into the nature and 
dynamics of such an interface and so the reader is referred to the Oblong website53 from 
which video footage may be downloaded. Oblong write:   
 

‘The g-speak platform is built around free-hand, three-space gestural input. Applications are 
controlled by hand poses, movement and pointing. Finger and hand motion are tracked to 
0.1mm at 100 Hz; … Two-handed and multi-user input are fully supported. 

Gestural I/O removes the imbalance between high-definition graphical output available 
from modern computers and the narrow input channel of the mouse and keyboard. Gestural 
input is measurably more efficient at performing complex navigation, sorting and selection 
tasks…The g-speak implementation of spatial semantics provides application programmers 
with a single, ready-made solution to the interlocking problems of supporting multiple screens 

                                                                                                                                             
problems and also, if for any reason the raster scanning system failed, the electron beam would rapidly burn the 
phosphor layer. The fail-safe system intended to prevent such an occurrence did not always work…   
52 Interestingly, the futuristic free-hand, gesture-based interface was the main focus of public interest. Less 
attention was given to the film’s overarching theme concerning the non-benign use of range of powerful digital 
systems.  
53 http://oblong.com/ (last accessed December 2010). 
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and multiple users. It also makes control of real-world objects (vehicles, robotic devices) trivial 
and allows tangible interfaces and customized physical tools to be used for input…Wall-sized 
projection screens co-exist with desktop monitors, table-top screens and hand-held devices. Every 
display can be used simultaneously and data objects can literally be picked up by the user from 
one screen and tossed to another, as every object and screen has real-world coordinates in the g-

speak active space.’54 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 

 

 

 

 

 

 

 

 

 
 
The operator(s) don passive gloves (see Figure 5.22) equipped with several reflective tags.55 
These are tracked by camera-based systems and this data is used to identify user gestures. 
Alternatively, the volumetric forms of 3D camera manufactured by companies such as 
Canesta Inc. offer exciting opportunities for the advancement of the simple architectural 
model summarised in Figure 5.20. Rather than employing conventional stereoscopic imaging 
techniques, the Canesta technology adopts a more radical approach. In essence, a scene is 

                                                
54 In correspondence, and from http://oblong.com/article/086E19gPvDcktAf9.html (last accessed December 
2010). 
55 Also see Sato et al. [2001] who use multiple cameras for hand-tracking and gesture capture. It is reported that 
this approach does not require a user to don special gloves or other forms of tag (the ‘markerless’ tracking 
scenario). 

 

 

Figure 5.21: The highly dynamic g-speak 
spatial operating environment developed by 
Oblong Industries. This free-hand gesture-
based system is able to work with multiple 
simultaneous users. Tracking of the hands and 
fingers is achieved using passive gloves – see 
Figure 5.22. (Images kindly supplied by 
Oblong Industries and reproduced by 
permission.) 
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illuminated using a non-visible pulsed infrared light source (operating at 44MHz) and a 
portion of the reflected light falls on the camera’s array of sensors. These are designed to 
measure the ‘time of flight’ of radiation emitted from the camera, and so each sensor provides 
data that directly relates to the distance of a corresponding element within a 3D scene. 
Naturally, this approach is underpinned by the need to accurately measure short duration 
events (for example, an object at a distance of 2m gives rise to a ‘time of flight’ of ~13ns).56 

 
 

 

 

 
 
 
 
 
 
 

 
The Canesta technology provides real-time, surface-based, volumetric data (Figure 5.23). In 
this respect, it is important to bear in mind that although only one static camera is used for 
data collection, the true three-dimensionality of an image scene is captured. Thus, although 
the resolution of a typical Canesta sensing array is significantly lower that that supported by 
the conventional form of digital camera, the two resolutions cannot be directly compared in a 
meaningful manner. This is because each element within the Canesta type of camera is 
contributing to the formation of an image dataset that describes a scene from a large number 
of vantage points. This point is readily demonstrated by means of the entertaining 
‘PinPressions’ device in which a rectangular matrix of nails are located in an acrylic sheet in 
such a way that each nail can freely slide back and forth (but is prevented from falling out of 
the hole in which it is positioned). Figure 5.24 shows two images depicted on such a device. 
Each physical nail forms a depth sensing element and contributes to the creation of the 
overall 3D surface image. Since this image is truly 3D, each different vantage point yields a 
different view. The analogy to the Canesta technology should be readily apparent 

There are clearly very many potential applications for volumetric imaging technologies, 
not the least of which is their use in gesture-based interaction systems.57 
 
5.7 DISCUSSION 

‘To arrive at the simplest truth requires years of contemplation.’58  

 
In preparing this chapter we have sought to highlight some basic concepts relating to the 
human-computer interaction interface, and in terms of more theoretical discussion have 
focused on interaction with the conventional flat panel display. This is not because of a 

                                                
56 Measurement accuracy decreases with distance from the camera. At the time of writing, Canesta indicate 
millimetre accuracy within the first 2 feet, decreasing to centimetre accuracy at around 8 feet. However it 
appears that accuracy can be increased by judiciously reducing the duration of the illuminating infrared light 
pulses, i.e. by tailoring the system to best suit the application.  
57 For further discussion see http://canesta.com/ (last accessed October 2010). This site includes the 
Whitepapers ‘3D Vision Enables Everyday Devices to “See”’ and ‘Canesta 101. Introduction to 3D Vision in CMOS’. For 
more in-depth discussion, see Göktürk et al. [2004], Göktürk and Tomasi [2004] and Crabb et al. [2008]. Copies 
of these publications are also available via the Canesta website. 
58 Attributed to Isaac Newton (1643-1727). 

 

Figure 5.22: The g-speak system uses optical 
(camera-based) techniques to track the motion 
of the hands and fingers. The passive gloves 
illustrated in this photograph are equipped with 
reflective tags located on the back of the hand, 
three fingers and on the thumb. (Image kindly 
supplied by Oblong Industries and reproduced 

by permission.) 
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particular interest in directly applying traditional interaction modalities to creative 3D display 
systems, but rather because of the importance of the issues that emerge from such discussion.  
It is certainly doubtful that when in the early 1950’s Paul Fitts undertook his original trials he 
had any notion as to the extent of the research interest his model would generate. The fact 
that the model he proposed was created by analogy to information theory, which at that time 
was highly topical, shows considerable insight on his part. However, in such cases, there is 
always the risk of reading too much into the parallels that appear to exist between two 
somewhat different areas of research activity. Furthermore, although Fitts’ Model provides us 
with a framework from which we can develop a useful understanding of macroscopic aspects 
of the interaction process (and of the efficiency of interaction tools), it must be applied 
judiciously and results obtained should be viewed alongside other equally important interface 
metrics.59 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Towards the end of this chapter, we have briefly considered the use of wand and free-hand, 
gesture-based interaction modalities. These offer to greatly advance communication with the 
digital world but if such techniques are to gain widespread acceptance, it is vital that an 
intuitive language of communication is adopted. To what extent this is possible (when 
considered in the context of more detailed and intricate forms of operation) remains to be 
seen. However, there can be little doubt that when included within a multi-modal toolset, 
gesture-based communication techniques will be (or rather should be) a key ingredient in our 
interaction with creative 3D display system technologies. 

Here, we have referred to only a very small percentage of the interaction technologies 
that are currently available or under development. In addition to references cited in the 
previous pages, we would like to also refer the interested reader to the following publications. 
For wide-ranging information on a broad range of electronic display systems (primarily the 
monocular display paradigm) see Sherr [1998]. Bellucci et al. [2010] summarises ‘touchless’ 
interaction devices ranging from Nintendo’s Wii through to the EyeWriter system which uses 
eye movements for the creation of drawings. For interesting discussion on an early graphical 
input device for use with a PDP-1 computer, see Newman [1964]. In relation to a pen-based 
(stylus-based) interaction tool for manipulating text, see Goldberg and Goodisman [1991]. 
Doumen et al. [2007] provide useful and relevant discussion concerning the accuracy of a 

                                                
59 The interested reader is also referred to Prablanc et al. [1992] and Pelisson et al. [1986]. 

 

 

Figure 5.23: Above, a conventional 
photograph and right, the same image 
captured using a Canesta camera (false colour 
has been applied). (Images kindly supplied by 
Canesta Inc. and reproduced by permission. 
Copyright © Canesta Inc. 2010.) 
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pointing task in 3D space. They write: 
 

‘We know that there are multiple possible sources of information that we can use to see 
depth… However, the fact that these cues are available to observers does not necessarily have to 
mean that the observers are actually using them.’  

 

This frames the context of their study and certainly highlights the fact that 3D display 
technologies should not simply be ranked according to their ability to satisfy the greatest 
possible number of depth cues. Also see Reis et al. [2009]. For brief information on several 
forms of innovative interaction technique, see for example, Han [2006], Rosenberg [2009], 
Wilson [2005] and Moscovich and Hughes [2006]. Chan et al. [2007] describe a gesture-based 
interaction technique for use with a ‘crystal ball’ form of display. Mistry et al. [2009] describe 
work undertaken in prototyping techniques employed in a ‘wearable gestural interface’. 
 

 
 
 
 
 
 
 
 
 
 
 

 
 

 
Figure 5.24: Impressions of a face and hand made using the entertaining ‘PinPressions’ 
device. Here, a rectangular matrix of ~1,320 nails is formed by machining holes in a 
sheet of Perspex in such a way that each nail can freely slide back and forth (but is 
restrained from falling out of the hole in which it is located). By analogy, this compares 
to the Canesta distance imaging camera with each nail representing an element in the 
camera’s sensing array.  
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A Curious and Entertaining Effect 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.25: The Ladd-Franklin illusion. In the case of some carefully contrived images 
it is possible to derive the three-dimensionality that we associate with binocular vision 
using only a single eye. To observe this effect, hold this page horizontally so that the 
diagram is at a distance of ~30cm from the eyes, with the page a little below eye level 

(thereby forming an angle of ~30 between the optical axes and the surface of the 
page). Close one eye and despite monocular vision, the lines will appear to stand erect 
from the page. The colour used in this diagram makes no contribution to the illusion. 
(Adapted from Murphy [1935].) 

 
 



 

 

    
 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
6.1 INTRODUCTION 
In this chapter we focus on display techniques that are fundamentally based on the principles 
of stereoscopic imaging and limit discussion to systems that support stereopsis from a single 
vantage point (i.e. systems that do not satisfy the motion parallax cue to depth).   

As indicated in Chapter 1, a broad range of approaches may be adopted in the 
implementation of creative 3D display hardware. To facilitate discussion, it is desirable to 
adopt a framework within which we can position the various display paradigms. To this end, 
in Section 6.2 we present a simple classification scheme. In essence, this focuses on the ability 
of display technologies to support the pictorial cues to depth, stereopsis, motion parallax and 
oculomotor cues. It therefore loosely defines four general classes of display – monocular (in 
which only pictorial cues to depth are supported), stereoscopic (supporting both pictorial 
cues and binocular parallax) and two forms of autostereoscopic system (which additionally 
offer support for motion parallax but that are distinguished according to their ability to 
properly accommodate the oculomotor cues). Although this is a somewhat restrictive 
approach to display system classification, it is pragmatic and sufficient for our present needs 
(in subsequent volumes of this work, we discuss display classification in more depth and 
suggest alternative and more rigorous approaches).  

In Section 6.3 we consider the early history of stereoscopic techniques and in the 
Appendix appearing towards the end of this book, provide further discussion on the 
controversy concerning the much debated Chimenti drawings. Subsequently, in Section 6.4 
we consider geometrical aspects of the stereoscopic approach and also include discussion on 
the history and formation of autostereograms. In Section 6.5, we outline ways in which 
stereoscopic images may be presented to the human visual system, and here we identify four 
key methods which are referred to as non-coded, locally-coded, temporally-coded and 
spatially-coded techniques. This scheme builds on previous discussion [Blundell 2006, 2008]. 

   

6 STEREOSCOPIC TECHNIQUES  

‘He paused, and in the pause she crept an inch  
Nearer, and laid her hands about his feet.  
Far off a solitary trumpet blew.  
Then waiting by the doors the warhorse neighed  
At a friend's voice.’ 
 
 
 
 
 
 
 
 
.’ 
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In Section 6.6 we briefly consider the computational overheads associated with the synthetic 
generation of stereoscopic images and indicate that their formation does not necessarily result 
in a doubling of the computational cost associated with the production of equivalent 
monocular images. Finally, in Section 6.7 we illustrate the formation of a simple stereoscopic 
image. 
 

6.2 DISPLAY CLASSIFICATION 
‘’The towering elms are lost in the mist; 
Birds in the thorn-trees huddle a whist; 

The mill-race waters grieve. 
Our shrouded day 

Dwindles away 
To final black of eve.’1 

 
Table 6.1 summarises a simple classification scheme for 3D display systems and employs four 
general categories within which various forms of display are grouped. This distinguishes 
between systems simply on the basis of the range of depth cues that are associated with the 
visible image and does not attempt to accommodate the many other diverse characteristics 
exhibited by creative 3D displays. However, by focusing on various visual attributes, it 
emphasises the crucial importance of ensuring that a display is able to match (and capitalise 
on) key characteristics of the human visual system. In subsequent volumes display system 
classification is discussed in greater detail.  

As may be seen from Table 6.1, the conventional flat-screen approach is placed in the 
‘monocular’ category indicating that when an image is viewed, each eye receives identical 
information; there is no retinal disparity. Consequently, the impression of 3D relief that we 
associate with a stereoscopic image is lacking.  

However, through the inclusion of additional hardware/software, the flat screen display 
modality may be extended to support both binocular and motion parallax - see Figure 6.1. In 
this way it is possible to form both stereoscopic and autostereoscopic display systems. 
Referring to Figure 1.13 it is apparent that the monocular display comprises only the lower 
three subsystems shown in this illustration and these support the formation of the ‘primary 
image space’. The additional hardware needed to permit the monocular display to exhibit 
stereoscopic and autostereoscopic characteristics forms the re-imaging/projection subsystem 
indicated in the illustration, and leads to the formation of a ‘secondary image space’.  

The stereoscopic form of display is assumed to support stereopsis – but is limited to 
providing a single viewpoint onto a scene. In contrast, the autostereoscopic modality enables 
a user to move and observe an image scene from different vantage points. Autostereoscopic 
displays vary in terms of the extent of such viewing freedom and frequently support only 
horizontal motion parallax (in which case shifting one’s vantage point vertically does not yield 
a different view).  

As may be seen from Table 6.1, we identify two subclasses of autostereoscopic display. 
Class I systems are fundamentally based on the extension of the principles of stereoscopic 
image depiction and it is assumed that they do not provide natural support for the 
oculomotor cues. In contrast, for example, some class II display embodiments employ a 
traditional flat screen display for the formation of the primary image space but map this into 
some form of three-dimensional image space (see, for example the varifocal display paradigm 
outlined in Section 9.4). Consequently, this class of display cannot be considered to be 
fundamentally based on the principles of stereoscopic image depiction and offers (in 
principle) considerable freedom in viewing position, support for both horizontal and vertical 
motion parallax and natural support for the oculomotor cues.  

                                                
1 ‘Fog’, Walter de la Mare (1873-1958). 
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Table 6.1: A simple classification scheme in which display paradigms are grouped 
according to their ability to support various forms of depth cue – see text for 
discussion. (Adapted from Blundell [2008].) 

 

6.3 THE ORIGINS OF STEREOSCOPIC IMAGE DEPICTION 
‘A painting, although conducted with the greatest Art 

and finished to the last perfection, 
both with regard to its Contours, 

its Lights, its Shadows and its colours, 
can never show a Relief equal to that of Natural Objects, 

unless these be viewed at a distance and with a single Eye.’2 

 
As indicated above, through the incorporation of additional hardware, the conventional flat-
screen display is able to satisfy the binocular parallax cue to depth (see, for example, Section 
2.6.3), thereby forming a stereoscopic system. This approach provides the left and right eyes 
with two slightly different perspectives of a scene. Just as when we view our surroundings, 
differences (disparities) in these two views are interpreted as providing a sense of relief. 
Consequently, scenes no longer appear to lie within the confines of Flatlands (see Sections 1.4 
and 1.5) but possess an inherent and striking three-dimensionality.  

The underlying principle of the stereoscope is by no means new and finds its origins in 
the first half of the nineteenth century. From the outset there was considerable controversy 
over the original inventor of the stereoscopic technique. Charles Wheatstone claimed to have 
been the first to properly investigate the phenomenon (in ~1832) but allowed six years to 
pass before demonstrating his stereoscopic devices and publishing his findings [Wade 1983].3 
In 1849, David Brewster4 developed a lenticular (refracting) stereoscope. Although this device 

                                                
2 Leonardo da Vinci (1452-1519), ‘A Treatise on Painting’. 
3 The name ‘stereoscope’ appears to have been assigned by Wheatstone: ‘... The frequent reference I shall have occasion 
to make to this instrument will render it convenient to give it a specific name. I therefore propose that it be called a stereoscope, to 
indicate its property of representing solid images.’ (Wheatstone (1838) in Wade [1983]). In this context, Wheatstone uses 
the expression ‘solid images’ to distinguish between physical objects and their rendition on a 2D surface. 
4 Incidentally, David Brewster together with Charles Babbage (mentioned in Section 1.3) were instrumental in 
the establishment of the British Association for the Advancement of Science in 1831. 

 

Class of Display Monocular Stereoscopic Autostereoscopic 
(Class I) 

Autostereoscopic  
(Class II) 

Example(s) Conventional 
flat-screen  display 

Local coding (e.g. 
anaglyph) 

Temporal coding 
Spatial coding 

Virtual reality (VR 
and IVR) 

Augmented reality 
Multiview 

Volumetric 
Varifocal 

Electro-holography 
 

Visual 
Characteristics 

Pictorial cues only 
 

Additionally, 
support for 
stereopsis 

Additionally, support for 
the motion parallax depth 

cue. Furthermore, 
stereoscopic perspective 

is maintained over a 
wide range of 

viewing positions 

Additionally, support  
for the oculomotor cues 

Viewing 
Characteristics 

Direct viewing Direct or indirect 
viewing. 

Single view point 
onto a 3D scene 

Direct viewing 
Viewing freedom 

Direct viewing 
Viewing freedom 

Head Tracking Not required Not required May be required Not required 
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was deemed superior to Wheatstone’s approach (and was particularly suited for use with 
photographic images that were then gaining acceptance), Brewster was unable to put his 
instrument into production in the United Kingdom. However, it was subsequently patented 
and produced in Paris by Duboscq.  

A Brewster version of the stereoscope is illustrated in Figure 6.2 and the Wheatstone 
approach in Figure 6.3. A simple ‘slit’ stereoscope is shown in Figure 6.4 and in Figure 6.5 the 
imposing ‘Kaiser Panorama’ is depicted. A number of exemplar stereograms are presented in 
Figure 6.6. 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
Figure 6.1: Through the use of additional hardware and software systems, the basic 
flat-screen display can form the basis for the four general categories of display appearing 
in the traditional classification scheme (see Table 6.1). Note that this diagram does not 
encompass all possible scenarios and is simply intended to be indicative. 

 
In approximately 1856, Brewster (who was by then in his mid-seventies), appears to have 
become intent on going to practically any length to deny Wheatstone the credit for the 
invention. Correspondence appeared in ‘The Times’ newspaper as these two giants of the 
Natural Sciences waged battle. Brewster was, it seems, keen that practically anybody other 
than Wheatstone should receive credit, and among others he promoted James Elliot (a 
teacher of mathematics), and Jacopo Chimenti (an artist) as alternative originators of the 
technique. Elliot, it seems, had conceived the idea of the stereoscope in 1834 but did not 
construct an actual device until 1839. Brewster also promoted a pair of drawings created by 
Chimenti as representing a stereopair. These are reproduced in the Appendix to this book 
together with a brief account of this fascinating episode. The reader is left to determine the 
extent of the stereoscopic content contained within these images. 

Correspondence appearing in ‘The Times’ between Wheatstone and Brewster is 
reproduced by Wade [1983] who provides an excellent account of this rather odd history. At 
times the level of ill-will between the two scientists is quite surprising, especially as it was 
expressed in a public forum. David Brewster wrote: 
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‘... and I think your readers will share with me in the surprise that so remarkable invention as 
the stereoscope, if actually constructed and exhibited in 1832, should have remained six years 
in Mr Wheatstone’s desk, and make its appearance before the public only in 1838! ...’ 

 

 

 

 

 

 

 

 

 

 

 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.2: The form of stereoscope attributed to David Brewster. Two wedge-shaped 
lens elements (l1 and l2) are used so that both halves of the stereopair (denoted AB) 

appear to emanate from the same location (AB). In this way, the stereo images are 
easily fused. With a little practice, stereo images can be fused directly without recourse 
to a stereoscope. (Diagram source: Valyus [1962].) 

 
And in a Times Letter, Charles Wheatstone indicated: 
 

‘...I deny Sir David’s right to challenge me to a combative discussion; but since nothing else will 
satisfy him, I accept his defiance ...’ 

 
Wheatstone and Brewster’s disagreement extended beyond the subject of the invention of the 
stereoscope and also concerned the underlying science behind the stereoscopic technique. 
Brewster believed that the effect of three-dimensionality occurred as a result of the 
convergence of the eyes, whereas Wheatstone recognised that the disparity between the two 
retinal images also provides a cue of distance.  
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Figure 6.3: The Wheatstone form of stereoscope. Here two mirrors (or prisms) are 
used to direct each of the two images that comprise the stereopair to the appropriate 
eye. The mirrors may be inclined so that the two virtual images formed are 
superimposed - thereby facilitating stereoscopic fusion. Also see Figure 6.6(y). (Source: 
Valyus [1962].) 

 
In this context, Wheatstone produced a simple instrument which he named the 
‘pseudoscope’. This device employs two prisms by means of which the two monocular views 
reverse and this may give rise to the so-called ‘pseudoscopic’ image.5 This is equivalent to 
swapping over the left and right hand views that comprise a stereogram. In principle (and if 
retinal disparity is the only determinant of stereoscopic depth perception), we should always 
observe a reversal in our perception of depth. Thus, for example, when looking at the 
pseudoscopic rendition of a stereogram showing the terrain beneath an aircraft, the hills 
should be perceived as valleys and the valleys as hills. Although this may occur, it is by no 
means a universal rule and in this context Purves and Lotto [2003] write: 

 
‘But most objects, even nearby ones, look quite normal when observed through reversing prisms. 
This failure of the pseudoscope to universally reverse binocular depth perception has generally 
been attributed to the wealth of monocular cues about depth that are not changed by prismatic 
viewing…Nonetheless, the variable nature of pseudoscopic effects raises further doubt about the 
propriety of reducing stereopsis to computations of retinal disparity.’ 

 
Figures 6.7 and 6.8 illustrate the effect of creating the pseudoscopic stereogram (i.e. with the 
left and right-hand images swapped). These reinforce the fact that retinal disparities are not 
the only determinant of perceived depth and that other (pictorial) cues can dominate. In 
Figure 6.9 we illustrate that even when the left and right images of a stereopair differ in terms 
of either brightness or contrast (or in both brightness and contrast), the images can still be 
easily fused and the 3D effect retains its integrity. 

During the Victorian era the stereoscope was a fashionable centrepiece for home 
entertainment: 
 

‘…a piece of domestic apparatus without which no drawing-room is complete.’ (Wade 
[1983] quoting Pepper (1869).) 
 

Consequently, when viewing distant and often exotic locations, people, and events, the 
armchair traveller benefited from the enhanced realism offered by stereo photography. It was 
also recognised that this technique enhanced information content and facilitates visualisation. 
As a consequence, stereo imaging soon became an essential tool for military reconnaissance 
(recall the stereogram reproduced in Figure 1.7) and scientific visualisation. 

 

 

                                                
5 For related discussion see, for example, Shimojo and Nakajima [1981]. 
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Figure 6.4: The principle of a simple ‘slit’ stereoscope. The construction of the 
chamber ensures that only one of the two images that comprise the stereopair may be 
seen by either eye. This arrangement avoids the need for optical components. (Adapted 
from Valyus [1962].) 

 
 
 

 

 

 

 

 

 

 

 

 

 

 
 

 
 

 
 
 
 

 
Figure 6.5: The Kaiser Panorama enabled up to twenty-five people to simultaneously 
view a set of fifty stereoscopic images. (Image kindly created by, and reproduced by 
permission of, Professor R. Hartwig. Copyright © 2005 R.R. Hartwig.) 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 

 

 

Stereopair 

(a) The Graf Zeppelin making 
one of its many graceful long 
haul voyages (here the airship is 
photographed in flight over 

Egypt). 
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(d) Notice the enhanced spatial 
clarity that is offered by the 
stereoscopic view – e.g. in 
showing the relative positioning 

of the lights. 

(e) The manufacture of 
stereograms. As with the above 
image, the relative positions of 
the various figures are readily 
apparent in the stereoscopic 
view. Also note the presence of a 
table in the foreground – this is 
not especially clear in the 
monocular images. 

(c) Here, despite the absence of 
a strong perspective cue, 
swapping the left and right-hand 
images (so as to observe the 
pseudoscopic image – see 
Figures 6.7 and 6.8) has no 
significant effect. 

(b) Previous page and right: 
These two stereograms are 
useful in practising image 
fusion without recourse to 
viewing glasses. When fusing 
the images (by converging the 
eyes), focus attention on the 
Zeppelin or pyramid. 
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(g) Notice that in the 
stereoscopic view, the circular 
positioning of the figures is 
readily apparent. Also the 
decorations hanging on the 
Christmas tree can be seen in 
greater detail (enhanced 
information content). 

 

(i) Notice that the stereoscopic 
view provides enhanced clarity in 
respect of the folds in the bed 
covers and also as far as the 
positioning of the upper end of 
the bed relative to the wall.  

(f) In the stereoscopic view, 
note the ease with which it is 
possible to judge the distance of 
the two children on the right 
from the fireplace. This is less 
apparent in the monocular 
image.  

(h) Here, there is very little 
disparity in the two photographs 
and so the stereoscopic view 
does not greatly enhance image 
clarity – other than by providing 
a small improvement in the 
visibility of the craters in the 
twilight region.  
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(j) The three-dimensionality of 
stereoscopic images is greatly 
enhanced by the inclusion of 
objects (in this case foliage) in 
the foreground. 

(k) Here again, the inclusion of 
foreground image content 
enhances the 3D effect. Note 
that the stereoscopic view 
provides a clear impression of 
the depth of the image reflected 
in the mirror.  

 

 

(m) ‘FIRE!’ by Bob 

Aldridge.   

(l) ‘Alan Turing’ by Mike 

Hillyard.  
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(n) ‘Showing the 
Archer Pavilion at 
Wrest Park’ by Bob 
Aldridge. 

 

(o) ‘Hungry Heron’ by 
Bob Aldridge. 

 

(p) ‘Blue Tongued Skink’ 

by Bob Pryce. 
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(q) ‘The Orangery at  
Wrest Park’ by Brian 

Padgett. 

 

(r) ‘Calvi’ by Bruce 
Mills.  

 

(s) ‘Spoilt for Choice’ 
by David Robinson. 



Chapter Six  •   Stereoscopic Techniques                                                                                                    201 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

(t) ‘Approaching 
Landing’ by Eric 
Silk.  

 

(u) ‘Morning Glory’ by 

Fred Lowe.  

 

(v) ‘To those in Peril on 

the Sea’ by John Ralph.  
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(w) ‘Air on a ‘G’ string’ 
by Ian Hastie. 

 

 

(z) ‘Morning Light’ by 
Tony Holmes. 

(y) ‘Wheatstone Viewer’ 
by John Ralph. 

(x) ‘Tuscan Tuckshop’ 
by David Robinson. 
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Figure 6.6: Exemplar stereograms. These can be readily fused by crossing the eyes. 
Stereograms (a) and (b) are especially easy to fuse and will help readers who are not 
familiar with this technique. Here, both the Zeppelin and pyramid form convenient 
objects of fixation. As you cross your eyes, pay particular attention to either of these 
objects – two renditions of which will move towards each other. Once these are fully 
overlaid (it may be necessary to slightly tilt the page so as to ensure that the 
stereograms are horizontal with respect to the two eyes), the stereo image will appear 
and ‘fixation lock’ can be maintained without effort. In the first instance, a little 
practice is sometimes required. (Images (d), (e), (f), (g), (i), (j) and (k) reproduced by the 
kind courtesy of Bill Hillman of Canada. The excellent stereograms reproduced in 
figures (l)-(b´) are copyright to the photographers indicated in the individual sub-
captions and are reproduced by permission kindly arranged by The Stereoscopic 
Society.6) 

 
Today stereo imaging is used in many areas. The simple ‘View-Master’ continues to bring 
stereoscopic images to life, entertaining both children and adults alike. Even state-of-the-art 
immersive and augmented reality headsets are fundamentally based on the techniques 
pioneered by Wheatstone and Brewster. Furthermore, techniques that are ever more widely 
used in 3D cinema, gaming and the like simply extend the basic concepts that were revealed 
more than 150 years ago. There can be little doubt that had Wheatstone and Brewster fully 
appreciated the importance and longevity of their work, then their discourse may well have 
been even more acrimonious! 

                                                
6 http://StereoscopicSociety.org.uk. (Last accessed December 2010.) 

 

 

(a´) ‘Andy and 
Friends’ by Ray 

McMillan. 

(b´) ‘Concrete Mania’ 
by Tony Holmes. 
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Figure 6.7: If retinal disparity is the only factor determining the 3D relief that we 
perceive in a stereoscopic image, then the pseudoscopic image should contain fully 
inverted relief. However this is often not the case. The upper stereogram is depicted 
normally and below this is the pseudoscopic version in which the left and right-hand 
views have been transposed. Note that this does not have an overall impact on the 3D 
scene which largely retains its spatial integrity. The greatest effect is exhibited by the 
ornament to the left of the lady, which now appears to be located in front of her. The 
third image is a pseudoscopic version of stereogram (j) presented in Figure 6.6. Here, 
geometric cues are less evident - the pseudoscopic rendition shows several inversions. 

 
 

  

  

(a) A normal stereopair. 

(b) Here, the left 
and right views 
presented in (a) 
are transposed. 

(c) Here, the left 
and right views of 
Figure 6.6(j) are 

transposed. 
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Figure 6.8: The upper stereogram depicts a 
river flowing in a steeply sided ravine. Below is 
the pseudoscopic version in which the left and 
right hand images have been swapped. The 
river now appears to be flowing along the top 
of a steeply sided mountain! Because of the 
weakness of other cues, there is a vivid 
inversion of depth in this pseudoscopic image. 
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Figure 6.9: Even when the left and right views comprising a stereopair differ 
significantly in terms of (a) brightness, (b) contrast, or (c) both brightness and contrast, 
they can still be readily fused. The visual system is able to work with these differences 
and the three-dimensionality of the stereo image remains quite evident. 

 
6.4 THE GEOMETRY OF STEREOPSIS 

‘The good ideas are all hammered out in agony by individuals,  
not spewed out by groups.’ 7 

 
When we view our surroundings the two eyes rotate so that their optical axes meet at the 
point of fixation (convergence). This fixation point appears at the ‘same’ location in the 
retinal image of each eye and so by definition has zero binocular disparity. However, points in 
front of or behind the fixation point project to different positions on the left and right 
retinas. Provided that the resulting disparity is not too great this does not lead to ‘double 
vision’ (whereby we perceive two separate images), but provides the cue of stereopsis 

                                                
7 Attributed to Charles Browder. 

  

  

  

(a) 

(c) 

(b) 
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(binocular parallax). We can easily disrupt this process by lightly pressing on the side of one 
eye - thereby seeing two separate images (one being more distinct than the other). In turn, we 
can merge these two views by applying appropriate pressure to the other eye. 

Stereopsis is a complex and fascinating subject, and our knowledge of the mechanisms 
employed beyond the eye to support this powerful visual cue remains quite rudimentary. For 
the sake of brevity, in the following subsections we make various simplifications. However, 
the texts by Boff et al. [1986], Howard [2002], and Howard and Rogers [2002] (and references 
cited therein) provide an excellent starting point for the reader wishing to pursue this topic in 
greater depth. See also books such as Bruce et al. [2003], Purves and Lotto [2003], and 
McAllister [1993] for a wealth of highly useful additional information.8 
 
6.4.1 Stereoscopic Fixation and the Horopter 

‘When one comes into contact with a man of first rank, 
the entire scale of his [one’s] intellectual conception is modified for life; 

contact with such a man is perhaps 
the most interesting thing which life may have to offer.’9 

 
When our two eyes fixate at a certain point in space, their optical axes are oriented so that in 
each retinal image, this point is cast onto the fovea. For any given point of fixation there are 
other points in space that also project onto the same relative positions in each retina (these are 
referred to as ‘corresponding points’). Within this context we use the term horopter as: 
 

‘... the locus of points in space that project images onto corresponding points in the two retinas.’ 
[Howard and Rogers 2002]  

 
Since the days of Father Franciscus Aguilonius (1567-1617), the means of determining the 
form of this set of points for a given point of fixation has received considerable attention 
[Boff et al. 1986]. Indeed, fascination with binocular vision dates back even further (see, for 
example, the work of Alhazen in the eleventh century, and the writings of Aristotle - a history 
that is briefly discussed by Howard [2002]). It appears that Franciscus Aguilonius was the first 
to coin the term ‘horopter’ (in ~1613) to describe the locus of points in space that have no 
binocular disparity (see Tyler writing in [Regan (ed.) 1991]). Tyler indicates: 
 

‘There has been some considerable confusion in literature due to laxity in the definition of the 
horopter. The definition may be based upon zero binocular disparity, zero horizontal disparity, 
equally perceived distance from the observer, etc.’ 

 
For the sake of brevity, in this subsection we overlook different types of horopter and simply 
focus on one theoretical form known as the Vieth-Müller10 circle. This is defined by Aries 
Arditi writing in Boff et al. [1986] in the following way: 
 

‘Assuming that the eyes are perfect spheres, and the optics perfectly spherical, and that the eyes 
rotate about axes passing only through their optical nodes, the horopter through the horizontal 
plane through the eyes, which contains the foveas, is a circle known as the Vieth-Müller circle.’ 

 

                                                
8 Lam et al. [1996] report on variations in stereoacuity - as related to differences in the visual acuity of the two 
eyes.  
9 Written by Helmholtz in connection with Johannes Peter Müller, under whom he studied in ~1840 [Warren 
and Warren 1968]. 
10 Gerhard Vieth (1763-1836) and Johannes Peter Müller (1801-1858). 
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This is illustrated in Figure 6.10(a) for a horizontal plane. The thicker (dashed) line depicted 
in this diagram connects the nodes of the two eyes and forms a cord on the circle. Recall 
from high-school geometry that old favourite: 
 

‘Angles at the circumference of a circle and which are erected on the same cord are equal.’ 
 
 
 
 
 
 
 
 
 
 
 
 

   (a)     (b) 

 
Figure 6.10: In (a) we illustrate the Vieth-Müller circle. The thicker (dashed) line is 
drawn between the optical nodes of each eye and forms a cord on the circle. 

Consequently, angles  and  are equal in size. From this it follows that the angles x 
and y subtended at the eyes are equal, which results in corresponding points. Figure (b) 
illustrates a series of Vieth-Müller circles corresponding to different fixation distances. 
In each case, the circle passes through the optical nodes of the two eyes. Note that the 
Vieth-Müller circle provides only an approximate representation of points in the 
horizontal plane giving rise to corresponding points. (Figure (b) is adapted from the 
‘Encyclopaedia Britannica’, Adam and Charles Black, Edinburgh (1879).) 

 

Hence, for the two arbitrary points lying on the circle, angles  and  are equal, from which 
we can deduce that angles x and y are also equal. Thus, the rays of light emanating from the 
two points lying on the circle subtend the same angle at each eye and illuminate geometrically 
corresponding points. In fact, all points located within the binocular visual field and lying on 
the Vieth-Müller circle will (at face value) give rise to corresponding points in the two eyes. 
As indicated in Figure 6.10(b), the diameter of the Vieth-Müller circle changes with the 
distance of fixation. 

The Vieth-Müller circle provides only an approximate representation of correspondence 
(zero disparity). Various additional factors must also be taken into account. For example, it is 
assumed that the eyes rotate about axes that pass through the optical nodes. In fact, this is 
not the case - the optical nodes and the centre of rotation are separated by approximately 
5.7mm [Howard and Rogers 2002]. Furthermore, we must consider with care the very nature 
of corresponding points. As indicated by Helmholtz, Johannes Müller was somewhat vague in 
his definition: 
 

‘For each point of one retina, there is on the other a ‘corresponding point’’11 
 
Howard and Rogers [2002] discuss the nature of corresponding points. They describe the 
concept of ‘physiological corresponding points’ projecting to the same binocular cell in the 
visual cortex, ‘geometrically corresponding points’, which are defined in terms of their 
congruent geometrical location in the two eyes, and ‘empirical corresponding points’, which 

                                                
11 ‘Helmholtz on Perception’ - see, for example, [Warren and Warren 1968].   

Left eye Right eye 

y x 
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relate to the position at which points comprising an identical image cast onto the two retinas 
must lie in order to provide, for example, ‘singleness of vision’ (this matter is far from simple 
– for example, look ahead to Figure 6.32). In short, horopters measured by experiment 
deviate from the theoretical ideal, and their precise form depends on the criteria used to 
define them (see, for example, Patterson and Martin [1992] and Howard and Rogers [1995, 
2002]). 

Although only points on the horopter are strictly corresponding, there is a small region on 
either side of it within which objects are successfully fused, thus appearing as single images. 
This region is known as ‘Panum’s fusional area’ after Peter Ludvigh Panum who carried out 
basic experimentation in connection with this effect in ~1858 [Howard 2002]. Its size 
depends on a number of parameters, and it is larger horizontally than vertically - see, for 
example, Howard and Rogers [1995], or Ware [2000] for details. Nevertheless, an 
approximate estimate of the maximum angular disparity with which images can be 
successfully fused at the fovea is around one tenth of a degree (6 arc minutes) [Patterson and 
Martin 1992]. Panum’s fusional area thus defines, for a given point of fixation, the effective 
region of space in which binocular parallax can be used as a cue to depth. In principle, if the 
disparity between the two retinal images becomes too great, then diplopia (a double image) 
occurs. Of course, this suggests that when we view our surroundings, a large portion of the 
image scene will not be fused and so disconcerting double vision should be experienced. 
However, the visual system acts in such a way that we are seldom aware of this effect.  
 

6.4.2 Autostereograms 
‘Computers are useless. They can only give you answers.’12 

 
Horizontal disparities are directly related to the location of objects relative to the horopter 
and have been demonstrated to be a sufficient cue for stereopsis [Julesz 1971, 1977]. That is, 
binocular parallax can operate effectively – even when not supported by other forms of depth 
information. This is the basis for both the stereopairs and autostereograms which employ the 
random dot coding technique. 

Random dot stereopairs were created in ~1870 by Santiago Ramón y Cajal (who is 
especially well-known for his work in neuroanatomy, for which he received the Nobel Prize 
in 1906).13 In 1901 he outlined his earlier work: 

 
‘The stereoscope is suitable for many interesting recreations. Some of them, especially those 
related to the stereoscopic printed sheet (lines of letters which stand out against others that 
remain on the paper surface), have been known for a very long time and have delighted the first 
admirers of three-dimensional photography. 

During my stereoscopic honeymoon, that is to say, long ago between the years [18]70 and 
[18]72, I was absorbed in imagining new fancies and recreations of this genre. My aim was to 
achieve a mysterious writing, which could only be deciphered with the stereoscope and usable for 
those people who don’t want to divulge their own matters. My little invention is, in fact, a 
puerile game unworthy of publishing, but it really amused me at that time and it could be 
possible that others enjoy this pastime as well… 

                                                
12 Attributed to Pablo Picasso (1881-1973). 
13 It is quite possible that random dot stereograms were explored even earlier. In 1866, Ernst Mach described 
the construction of stereograms containing no visible contours - they presented only binocular information to 
the observer [Mach 1866]. In fact, there is considerable confusion concerning the origins of random dot 
stereograms. Shipley [1971] incorrectly suggests that Claus Aschenbrenner may have been the first to explore 
this general approach in 1954. (Aschenbrenner was an aerial photographer and interestingly, in 1931 he mapped 
large areas of the Arctic Ocean from the Graf Zeppelin.) He adopted a simple and ingenious approach to the 
creation of random dot surfaces for stereograms by scattering quantities of black and white discards from paper 
punches onto a horizontal surface [Aschenbrenner 1954]. For an exemplar stereogram – see Figure 6.11(c). 
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The game consists of making a proof only with dots, lines and scribbles, or also letters, 
crossed and entangled in a thousand ways. A proof in which, with the naked eye, you cannot 
read anything at all. And, nevertheless, as soon as you see the double image of this background 
in the stereoscope, a perfect legible sentence or text suddenly appears, standing out on the 
foreground and clearly detaching itself from the chaos of lines or dots. 

Two things are necessary to perform this fantasy: the background with dots, lines, letters 
or entangled scribbles; and a big clean glass, where you write what you want to stand out with 
the stereoscope. For the illusion to be perfect, it is necessary that the thickness of the lines or the 
dots of what you write, be the same when you look through the scraped glass as the one of the 
lines, letters or dots drawn on the background. You get the feeling of three-dimension when you 
place the glass between 10 and 15cm away from the background…[See Figure 6.11(a)]. 

There is no doubt that this experience can be varied in a thousand ways. We have 
reproduced it as well using as a background a common text (an inoffensive letter, for example), 
from which we have deliberately deleted, writing them on the glass, those letters which, put 
together and stereoscopically emphasized, form the secret sentence to be sent.’ Ramón y Cajal 
[1901], reproduced in Bergua and Skrandies [2000].  

 
In 1919 Herbert John Mobbs (General Secretary of the Stereoscopic Society from 1921-1961) 
described the use of an almost identical technique (see Figure 6.11(b) – in which one of the 
random dot stereograms that he crafted is reproduced). It is readily apparent from this 
illustration that although the stereogram contains no monocular cues to depth, when fused 

into a single image, three-dimensionality is readily perceived with the letter ‘L’ appearing to be 
raised above the stereo plane. Mobbs added a further final step to the process described by 
Santiago Ramón y Cajal - the stereo photograph was copied manually using ink. This ensured 
the elimination of any shadows or blemishes present in the photographs (which could 
inadvertently act as a source of pictorial cues to depth) [Dennis and Patterson1995].14 

In an alternate embodiment, 3D random dot images are encoded within a single image. 
This approach is fundamentally based on the well known ‘wallpaper effect’ where a horizontal 
repetitive pattern is viewed with the eyes converged or diverged. Consider for example the 
simple pattern presented in Figure 6.12(a). Here, the vertical bars are equidistant and when 
this is viewed with the eyes converged, the pattern appears to be located behind the plane of 
the page. As indicated in Figure 6.13(b), when the eyes are suitably converged the 
correspondence of the repetitive pattern presented to one eye is shifted by one cycle relative 
to that presented to the other eye. In Figure 6.12(b) the bars that constitute the repetitive 
pattern are no longer equally spaced. When this pattern is viewed with the eyes slightly 
crossed, the bars no longer appear to be located in a plane but seem to occupy a 3D space. 

Assuming, as indicated in Figure 6.13(b), that the eyes are separated by a distance d, that 
the distance between the observer and the pattern is b, and that the pattern repeats itself over 
a length l, then on the basis of simple geometry it is apparent that: 

 

,

1
l

d

b
a











      (6.1) 

 
where a denotes the apparent shift in depth of the regular pattern (i.e. the extent of the ‘depth 
illusion’). In the case that the pattern is observed from a suitable distance and that it repeats 
itself with sufficient regularity, then it may be possible to cross the eyes further and view 

                                                
14 It is quite likely that Mobbs developed the technique independently of Ramón y Cajal’s earlier work. 
Unfortunately, the description published by the latter was not translated into English and this may have limited 
its international circulation.    
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higher order depth illusions. Thus in general terms: 
 

 .
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d

b
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       (6.2) 

 
Where the integer n denotes the order of the depth illusion such that n=1,2… 
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                      (b) 
 
 

 
 
 
 
 
 

 
 
 
                     (c) 

 
In the 1950’s, Bela Julesz15 undertook pioneering work in using computers to generate 
random dot stereograms and employed these for research into aspects of the visual system 
[Julesz 1960].16 Consider the case that a random dot stereopair is to be created, with each of 

                                                
15 Bela Julesz (1928-2003). For biographical information, see Frisby [2004].  
16 See also the previous work carried out by Boris Kompaneysky [1939].  

 

Figure 6.11: In (a) the experimental 
apparatus used by Santiago Ramón y 
Cajal in ~1870 for the formation of 
random dot stereograms. A random 
pattern of marks is formed on the plate 
denoted A. The transparent plate B 
contains the message that is to be 
encoded (this again being formed by 
means of similar random marks). The 
stereoscopic camera shown on the left 
is then used to create the random dot 
stereopair. In (b), we reproduce a 
random dot stereogram created by 
Herbert John Mobbs in 1919. This can 
be fused by slightly crossing the eyes 
(in exactly the same manner as a 
conventional stereogram – although it 
may take a little more perseverance in 
the first instance). Once fixation lock is 

achieved, the letter ‘L’ will be seen to 

stand out from the stereo plane. Note 
that the stereogram does not provide 
any of the monocular (pictorial) cues, 
and the sense of three-dimensionality 
is based only on binocular information. 
In (c) a stereogram created by Claus 
Aschenbrenner circa 1954. This 
contains a ‘hidden word’ which can be 
revealed by fusing the stereopair. 
(Image (a) reproduced from Ramón y 
Cajal [1901]. Images (b) and (c) 
reproduced from Dennis and Patterson 
[1995] and Aschenbrenner [1954] 

respectively.) 
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the two images comprising 100 by 100 elements. The process begins by generating 10,000 
random numbers. One of the images in the stereopair is then created by depicting this set of 
numbers as a rectangular array with each numerical value being used to set the grey scale at a 
corresponding location in the image (see Figure 6.14(a)). We now make a copy of this image 
to form the second half of the stereopair – thus at this point the left and right views are 
identical and there are no disparities. In Figure 6.14(b) we illustrate the way in which we can 
encode a square in the centre of the image. Here, in the right-hand view, we have simply 
shifted a 2 by 2 array of elements to the left. In doing so, two elements to the left of the array 
have been overwritten. In addition we have generated two further random numbers for 
insertion to the right of the array - after its displacement.17 The left and right-hand views are 
no longer identical, and when translated into a grey scale image and fused, the shifted 
elements will be perceived as forming a square which no longer resides on the stereo plane. In 
(c) a stereopair comprising 99 by 105 picture elements is reproduced. The 40 by 40 elements 
located in the centre of one view have been shifted horizontally by four picture elements. 
When fused the ‘hidden’ square appears to lie in front of the stereo plane.   
 

 
 
 
 
 
 
 
 
 

(a) 

 
 
 
 
 
 
 
 
 
 

(b) 

 
Figure 6.12: The ‘wallpaper effect’. In (a), the vertical pattern (bars) are spaced at equal 
intervals. When the eyes are converged slightly, the first order depth illusion is perceived 
and the bars no longer appear to lie in the plane of the page but seem to be located 
beneath the page. In (b) the vertical bars are no longer equally spaced. When viewed 
with the eyes converged, the bars appear at different depths within a 3D space. 

 
Random dot autostereograms are created in a similar manner - a repetitive series of random 
dots are generated such that the repetition rate is modulated by the depth information that is 
to be encoded.18 Two simple random dot autostereograms are presented in Figure 6.15. 

As indicated above, random dot stereograms and autostereograms do not include 
monocular cues to depth and decoding is based entirely on stereopsis: 

                                                
17 Clearly, this is equivalent to taking the two elements that are to be overwritten and inserting them to the right 
of the shifted array. 
18 For interesting discussion on aspects of this technique, see Tyler and Clarke [1990]. 
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‘Since the input of the two eyes remains separated up to the level of visual cortex, and each eye 
sees only meaningless random information, this method makes it possible to study cortical 
processing of binocular information independent of monocular cues, and it has attained wide-
spread attention among neuroscientists and psychologists.’ [Bergua and Skrandies 2000] 

 
Indeed: 
 

‘…random dot stereograms provided an unfakeable test for stereopsis…only observers with 
normal stereopsis can perceive the correlated areas in depth. By changing the correlation between 
the left and right images of a random dot stereogram, or using some other modifications, it is 
possible to quantify one’s stereoscopic capabilities.’ [Julesz 1977] 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a)     (b) 

 
Figure 6.13: Plan views illustrating the ‘wallpaper effect.’ In (a) the vertical striped 
pattern is viewed without crossing the eyes. In (b) the eyes are crossed and the first order 
depth illusion is observed. Depending on the viewing distance (b) and the length of the 
pattern repetition cycle (l), it may be possible to cross the eyes further and view the 
second, and perhaps higher, order depth illusions. 

 
As discussed by Julesz, a significant proportion of a population (~2%) are unable to perceive 
the stereoscopic effect (with a further ~15 % having significant difficulty in fusing random 
dot stereograms). He goes on to describe the production of miniature stereograms for use in 
conjunction with stereomicroscopes (see US Patent 4,023,911). His objective was to 
determine the ability of quality control inspectors (responsible for the inspection of small 
complex components) to work effectively with stereomicroscopes. In the trial, each selected 
inspector was asked to simultaneously view a component and an adjacent random dot 
stereogram (containing a hidden message). The trial revealed that not only were a number of 
inspectors stereo-deficient but also that others with normal stereopsis had their microscopes 
incorrectly adjusted…19   

Julesz [1960] describes a series of modifications made to either or both of the left and 
right-hand views in a stereopair. For example, he describes modifications to the image 
reproduced in Figure 6.14(c) such that the greyscale is reduced to two levels, and furthermore 

the left view is subjected to blurring. Consequently, the modified brightness ( *

iU ) of an image 

element denoted Ui0 (see Figure 6.16(a)) is given by: 

                                                
19 For further general reading on random dot stereograms see, for example, Purves and Lotto [2003] and also 
McAllister [1993]. 
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In Figure 6.16(b), we reproduce the results of this procedure. The impact of the blurring 
algorithm is readily apparent when the left and right-hand images are viewed separately. 
However, when fused the central square clearly stands out from the stereo plane (recall Figure 
6.9 in which the brightness and contrast of a standard stereogram were modified). 
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       (b) 

 
 
 
 
 
 
 
 
 
 

 
         
        (c) 
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Figure 6.14: A simple illustration of 
the formation of a random dot 
stereopair. In (a) we have generated a 
6 by 6 array of random numbers 
(represented 1 through to 5). We 
form the left and right views of the 
stereogram by representing these 
values as a greyscale and making two 
copies. To create, for example, a 
central square (comprising four 
elements) which appears to lie outside 
the stereo plane, we simply shift the 
four central elements (in one view) 
horizontally. Thus in (b) we have 
moved the elements in the highlighted 
squares one place to the left. This 
results in overwriting the two 
elements on the left. Additionally, we 
have generated two further random 
numbers (denoted in red typeface) 
and have used these to fill in the gap 
on the right-hand side following the 
displacement of the central elements. 
In (c), an exemplar random dot 
stereogram comprising 99 by 105 
elements. In one view, the central 40 
by 40 elements have been shifted by 
four places. When the stereopair is 
fused, these elements are perceived as 
a square located in front of the stereo 
plane. (Image (c) reproduced by 
permission from Julesz [1960]. 
Copyright © John Wiley and Sons 
Inc. 2010.) 
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6.4.3 Horizontal Disparity 

Consider two arbitrary points denoted by A and B lying within Panum’s fusional area. We 
assume that point A lies beyond the point of fixation (P), and that point B is located closer 

than P (see Figure 6.17). Assuming that the convergence angle of the eyes is denoted by , 

then in the horizontal plane the angle subtended at one eye () by A, relative to the optical 
axis, may be expressed as: 

 

.
2





  

 
From which we express a binocular disparity for A as: 
 

.A         (6.3)  

 
The disparity of points closer than the Vieth-Müller circle (such as B) have a disparity given 
by: 
 

.B        (6.4) 

 
The depth resolution of binocular parallax is determined by the smallest perceptible 

 

 

Figure 6.15: Simple examples of 
random dot autostereograms. Each 
image is readily fused by initially 
focusing attention on the two small red 
markers. Cross the eyes in order to 
overlay these markers, after which 
fixation lock should occur. Image (a) 
shows a central circular region which is 
offset in depth from its surroundings. 
Image (b) depicts a checkerboard in 
depth. Such images demonstrate that 
the cue of stereopsis can operate 
independently of other depth cues. 
(Image (b) from Tyler and Clarke 
[1990].) 
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difference in visual angle. This is known as the ‘stereo acuity’, and its value is influenced by a 
number of factors.20 In the context of stereoscopic acuity, Poole [1966] writes: 
 

‘The minimum value of this angle varies rather widely among individuals, being about 2 arc 
seconds in the best observers, and as high as 100 arc seconds in others. A figure of 10 arc 
seconds however, is typical for most observers. Converting this to depth perception at an 18-inch 
viewing distance for two spots 0.25 inch apart indicates that observers can ordinarily tell 
relative depth to better than 1/16 inch.’ 

 
 
 
 
 
 
 
 

 
(a) 

 
 
 
 
 
 
 
 
 
 
 

(b) 
 

Figure 6.16: In (a) the picture element denoted Uio takes on a brightness that is 
determined by its original brightness and that of the eight adjacent elements (see text for 
discussion). In (b) the random dot stereogram illustrated in Figure 6.14(c) has been 
reduced to two levels of greyscale and the left-hand image has been blurred. However, 
when fused, the depth of image content is still readily apparent. (Image (b) reproduced 
by permission from Julesz [1960]. Copyright © John Wiley and Sons Inc. 2010.) 

 
The relationship between the basic parameters of stereoscopic resolution can be determined 
based on the construction presented in Figure 6.18. Here we see that: 
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In this simplified treatment, the disparity is thus given by: 
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20 See Aries Arditi writing in Boff et al. [1986] for details. 
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Figure 6.17: The Vieth-Müller circle is the locus in the horizontal plane on which (for 
a given point of fixation (P)) points have (in principle) zero retinal disparity. Panum’s 
fusion area is the volume about the horopter in which the disparate views of each eye 
can be successfully fused without giving rise to a double image. Here we illustrate two 
points (A and B) lying on either side of the point of fixation. Note that for clarity, the 
distance of these points from the Vieth-Müller circle has been greatly exaggerated.  

 
Here, I is the interocular distance, D is the absolute distance to the point of fixation, and d is 

the relative depth to be resolved. Using the small angle approximation arctan(x)x, we can 
express Eq. (6.5) as: 
 

 
.

2 2 dDD

Id
h


      (6.6) 

 
We may also assume that in a practical situation, D2 >>dD and so: 
 

      .
2 2D

Id
h        (6.7) 

 

The angular horizontal disparity is thus approximately proportional to the relative depth (d) 
and inversely proportional to the square of the viewing distance (D). Alternatively, for a given 

stereo acuity s, the minimum depth that can be resolved is given by: 
 

                             .
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D2
d
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s


        (6.8) 

 
As previously discussed, the fovea is the central region of the retina where vision is most 
acute. In the centre of the fovea the maximum disparity before fusion breaks down is only 

~0.1 in the worst case, whereas at six degrees eccentricity (from the fovea), the limit is 

~0.3. As a result, stereoscopic displays provide anisotropic resolution (i.e., the depth 
resolution is significantly less than that supported in a plane perpendicular to the visual axis). 
For related discussion, see for example, Ware [2000]. 
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Figure 6.18: Here we illustrate the angular disparity for a point lying within the Vieth-
Müller circle. The eyes are fixated at point P. Since the stereoscopic acuity of the eye is 
an angular measure, this geometrical construction can be used to determine the distance 
dependence of relative stereoscopic depth perception (see text for discussion). 

 

6.4.4 Accommodation and Convergence 
Consider for a moment a stereoscopic display employing either a temporal or spatial coding 
technique (see Section 6.5). Since the images (which constitute the ‘stereo window’) are pre-
sented on a plane perpendicular to the line of sight, the eyes focus on this plane, i.e. the 
distance of the stereo pair from the eyes determines the depth of focus. On the other hand, in 
regard to the 3D image, convergence changes according to the perceived distance of image 
components within the scene (i.e. the point of fixation). In short, accommodation and con-
vergence cues become decoupled, and this is not consistent with our real-world experience. 
This matter is briefly discussed in Lipton [2001], where it is referred to as ‘A/C breakdown’. 
Although when we are accustomed to viewing stereo images we may be able to decouple 
these cues without difficulty, this is a factor that can cause significant discomfort. 

Clearly, the extent of relief attributed to a stereo image determines the amount by which 
the accommodation and convergence cues are decoupled (i.e., provide conflicting 
information). Consequently, one way in which the impact of A/C breakdown can be 
ameliorated is to position mid-depth image components in the plane of the stereo window 
(see Figure 6.19). As a result, parts of the image scene will appear to lie on either side of this 
plane and so the degree to which the two cues are decoupled is reduced. However, such a 
solution may impact on direct interaction opportunities since a pointing device will only be 
able to coexist with the part of the image that appears to be located in front of the stereo 
window. More detailed discussion on A/C breakdown is presented in the subsequent 
volumes. 
 
6.4.5 Vertical Disparity 
Binocular views of objects in space also generally contain ‘vertical disparities’. This is due to 
features presenting different vertical visual angles to each eye and can be appreciated by 
considering an example, such as the checker-board illustrated in Figure 6.20. Held vertically in 
front of the observer, squares on one side will be closer to the corresponding eye and thus 
present greater angles both horizontally and vertically (thereby casting a correspondingly 
larger retinal image) – also see Figure 6.21.21 The vertical horopter - where points present the 

                                                
21 In stereoscopic video applications this vertical disparity effect is known as ‘keystone distortion’, and can be 
avoided by having the cameras aligned with their optical axes parallel (rather than converged) [Woods et al., 
1993, Jones et al., 2001]. 
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same vertical angle to each eye - is a line passing through the point of fixation [Howard and 
Rogers 1995].  

 
 
 
 
 
                                       
 
 
 
 
                                         (a)                                      (b)                                          (c) 

 
Figure 6.19: The blue lines indicate locations of the stereo plane and the rectangles 
schematically depict regions in which the stereo image appears to reside. In (a) this 
‘apparent image space’ lies in front of the stereo plane, in (b) behind, and in (c) spans 
the plane. In the case of A/C breakdown, the eyes focus on the stereo plane but 
converge on the apparent location of image elements within the perceived scene. 
Consequently, the scenario indicated in (c) minimises the extent to which these two 
oculomotor cues are decoupled. By way of an elementary example, see Figure 6.30(f). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
The approximate expression provided in Eq. (6.7) demonstrates that on the basis of 
horizontal disparity, the depth of an object can be calculated relative to the point of fixation. 
Naturally, this leads us to consider ways in which absolute or egocentric depth information 
may be obtained. For example, DeAngelis [2000] briefly summarises the research of Mayhew 

[1982] and Bishop [1989], and provides an approximate value for the vertical disparity (v). 
Assuming symmetrical convergence of the eyes, this is of the form: 
 

,
D

I vh
v


       (6.9) 

 

Near view – left eye 

Figure 6.20: Binocular vision also supplies vertical 
disparity gradients (particularly for large visual angles). 
Here a vertical rectangular grid is located close to, and 
parallel with, the eyes. The optical axes converge as 
indicated in the upper diagram. The lower diagram 
indicates that in terms of the visual angles subtended at 
the eye, the squares are geometrically ‘distorted’ in both 
horizontal and vertical directions. Also see Figure 6.21. 
(Adapted from DeAngelis [2000].) 
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where I represents the interocular distance and D the viewing distance. h and v denote the 
horizontal and vertical angles subtended at the eye by a point in space – that is the azimuth 
and elevation angles respectively. Thus in principle, if the vertical disparity is known, the 
absolute distance of the point can be determined. From this expression, it is also evident that 

the vertical disparity will only be zero for features lying on either the vertical meridian (h=0) 

or the horizontal plane of regard (v=0). In addition, the magnitude of the vertical disparity is 
inversely proportional to the viewing distance.  

However, the role and relative importance of vertical disparity in the perception of depth 
remains unclear. The relative vertical disparity between two points gives rise to a vertical size 
ratio between their perceived spacing as seen by each eye [Howard and Rogers 1995]. More 
generally, there is some evidence that horizontal gradients in the vertical size ratio could 

provide distance information, particularly for large fields of view (>25-30) [DeAngelis 2000, 
Brenner et al. 2001]. The publications by both Bishop [1989] and Mayhew [1982], together 
with Howard and Rogers [2002], are especially recommended to readers wishing to pursue 
further the nature and consequences of vertical disparity. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.21: The geometry governing vertical disparity originating from binocular 
vision. A point P offset from the current fixation point will be seen at different vertical 

visual angles ( and  in the left and right eyes). (After Bishop [1989].) 
 

6.5 STEREOSCOPIC DISPLAY TECHNIQUES 
‘There are only two kinds of scholars; those who love ideas  

and those who hate them.’22 

 
Two electronic display screens, one viewed by the left eye and the other by the right eye, may 
replace the drawings or static photographic images associated with the traditional 
stereoscope. Such a parallel imaging system requires the host computer to output frames 
simultaneously to the two displays – which, along with the necessary optical components, are 
located close to the eyes ensuring that they fill most, if not all, of the visual field. This 
approach is used in the implementation of immersive virtual reality (IVR) and augmented 
reality headsets (see Section 8.3). It is important to note that this general technique is by no 
means new and is directly derived from the work carried out by pioneers such as Wheatstone 
and Brewster more than 150 years ago. Additionally, a key inventive step was the replacement 

                                                
22 Attributed to Emile Chartier. 
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of the traditional stereo photographs with electronic display screens – a critical but little 
heralded advancement pioneered by Otto Schmitt in the 1940’s (see Sections 1.6.1 and 8.3.1 
together with Blundell [2007]). 

Any stereoscopic system using two separate display screens, each of which is directed to a 
particular eye, may be said to employ a ‘non-coded’ image production technique. Other 
approaches employ image coding in which case both the left and the right views of the 
stereopair are created on a single display. Various techniques can then be used to direct the 
relevant image sequence to the appropriate eye. This may necessitate the user donning special 
viewing glasses or other forms of headgear (see Figure 6.22). In the text that follows we 
discuss three general presentation methodologies which are referred to as ‘temporal’, ‘spatial’ 
and ‘local’ coding techniques. This terminology builds on and adapts previous discussion 
[Blundell 2006, 2008]. Specifically, chromatic coding (commonly referred to as the anaglyph 
technique) is now identified as a specific instance of a broader ‘local’ coding paradigm. This 
permits other related techniques to be placed alongside the chromatic coding approach, 
thereby increasing the usefulness of the classification structure.   

 
6.5.1. Temporally Coded Systems 
Here the left and right views of the stereopair are depicted on a single flat screen. The two 
views are not drawn simultaneously but are portrayed as sequential frames. Consequently, for 
example, odd numbered frames may correspond to the left view of the stereopair; in which 
case, even numbered frames form the right view. Additional hardware is then used to ensure 
that only odd-numbered frames are seen by the left eye, and that even-numbered frames can 
only be observed by the right eye.23 This hardware forms the re-imaging/projection 
subsystem introduced in Section 1.7 (recall Figure 1.13).  

Early temporally-coded stereoscopic displays employed various types of mechanical 
shutter arrangement. For example, a patent filed by Laurens Hammond in 1922 (US Patent 
1,506,524) describes the use the mechanical motion of synchronised rotating wheels - one 
located in front of separate left and right eye image projectors and a second positioned in 
front of each viewer (see Figures 6.23(a) and (c)). The occluding wheels in front of the 
projectors allow only one of the views to be projected at any time, and the other wheel 
ensures that each eye receives only the designated view. Hammond writes: 

 
‘My invention relates to apparatus and disposition thereof for enabling a theatre audience or a 
like group of people to view motion pictures or still pictures projected on a screen with 
stereoscopic effect… To view these pictures each person in the audience is provided with an 
electrically operated instrument comprising in part a shutter which operates in a way that the 
right and left eye views of an observer looking through the instrument are cut off one at a time 
and in rapid succession in timed relationship with the picture projection…’ 

 

Although the approach proposed by Hammond some ninety years ago was rudimentary, the 
basic technique was sound and provided the cinema audience with active, rather than passive, 
viewing glasses. (Also see US Patent 1,658,439.)  

A later approach used the somewhat unusual headgear illustrated in Figure 6.23(b). This 
comprised a cylinder with windows cut out such that when one eye’s view was occluded, the 
other’s was not. The device was rapidly rotated about its main axis in synchronism with the 
sequential display of the left and right eye views (see US Patent 2,273,512). For further related 
reading also see Lipton [1982, 1991, 2001]. 

 
 
 

                                                
23 See, for example, Hodges and McAllister [1985]. 
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Figure 6.22: A summary of various stereoscopic display configurations. Display 
techniques employing spatial coding permit direct (natural) viewing. The temporal 
coding modality requires the viewer to don special purpose glasses. It is likely that all 
displays employing the local coding technique will also require viewing glasses to be 
worn - although exceptions can be anticipated.  

 
 
 
 
 
 
 
 
 
 
 
 

        
 
 
 
 
 
                 (c) 
 
 

 
 
 
 

 
 
 
 
Figure 6.23: Early approaches to the implementation of temporally coded stereoscopic 
displays using mechanical occlusion. In (a) and (c), a stereoscopic film projection and 
viewing system developed by Laurens Hammond in ~1922 enabled an audience to 
experience stereoscopic cinema. The active shutter viewing apparatus is labelled 15 in (c). 
In (b), the ‘rotating beer can’ shutter component used in the electromechanical goggles 
originally proposed by Caldwell in a patent filed in 1938. ((a) Reproduced from US Patent 
1,506,524, (b) from US Patent 2,273,512 and (c) from US Patent 1,658,439.) 
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The interested reader is also referred to US Patent 1,876,272 filed by Joseph Bayer in 1930 
and entitled ‘A Fog Penetrating Televisor’. In this Bayer sought to describe a stereoscopic 
imaging and display system able to assist aircrew when flying blind through fog, dense rain, 
and the like. From a technical point of view (i.e. as described in the patent), this ingenious 
piece of apparatus is unfortunately flawed (specifically in relation to the infra-red detection 
technique). However, this does not detract from the inventor’s laudable objective of 
providing stereoscopic images based on electromechanical techniques (see Blundell [2007]). 

More recent approaches to the ‘temporal coding’ of stereoscopic images use electro-
optical rather than mechanical action to code and decode the stereo views. Liquid crystal 
devices (LCD’s) are commonly used at the present time (see, for example, Lipton [2001], and 
Philip Bos writing in [McAllister 1993]). To achieve synchronisation between the depiction of 
frames on the display and the switching of the LCD panels located in the glasses, an 
electronic link is needed. Traditionally this was achieved via a cable but today wireless 
connections are standard. 

An alternative approach is to alternately polarise the light from the left and right eye views 
into orthogonal components by means of, for example, a switchable filter covering the 
display screen. This can then be decoded by ‘passive filtering’ glasses containing static 
orthogonally polarised filters located in front of the corresponding eyes. Clearly as no 
synchronisation is required between the display pipeline and the viewing glasses, they are 
more economical to produce than their LCD-based counterpart. Historically, linearly 
polarised filters were more readily available but these suffer from the drawback that tilting the 
head can result in increased cross-talk (see below). However, circularly polarised filtering 
provides stereoscopic viewing that is much more robust to small changes in the location of 
the viewer’s head [Walworth 1984]. 

Two important issues that must be considered in the implementation of stereoscopic 
displays employing the temporal coding techniques relate to ‘flicker’ and ‘cross-talk’. These 
are briefly described below: 
 
1. Image Flicker: As we have seen, in the case of a temporally-coded stereoscopic display 
system, each eye receives only alternate frames. Consequently, when a display is switched 
from ‘mono’ to ‘stereo’ mode, the effective image refresh rate available to each eye falls by a 
factor of two. The overall display refresh rate must therefore be sufficiently high to avoid 
image flicker becoming apparent when the display is operating in stereoscopic mode. As 
discussed in Section 2.7, although a refresh rate of ~30 Hz is sufficient to enable comfortable 
perception of ‘continuity of presence’ (temporal fusing) for occasional viewing, refresh rates 
of 60 Hz or higher are required to preclude more subtle eyestrain arising during prolonged 
usage. See Carl Machover writing in [MacDonald and Lowe 1997] for relevant discussion. 
 
2. Image Cross-Talk: This is perceived as ‘ghosting’ and arises when either view (or part 
thereof) within the stereoscopic pair is visible to both eyes. This undesirable situation can be 
caused in several ways. For example, in the case of temporally-coded systems based on 
traditional Cathode Ray Tube (CRT) technology, it may arise due to the finite persistence 
(decay) of the light output from the phosphors used to generate the screen pixels (the image 
element generation subsystem (recall Section 1.7)). Thus a small amount of light from the 
previous frame may still be emitted at the onset of the next frame. This is then presented to 
the incorrect eye, thereby causing cross-talk. In the case of the CRT, light output from the 
three phosphors responsible for the production of the red, green and blue light does not 
decay at the same rate and therefore the extent of cross-talk depends on both image intensity 
and colour content. In contrast, in the case of DLP projector based systems, temporal persist-
ence between image frames is greatly reduced, and so the cross-talk problem is negligible 
[Lipton 2001].  
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Cross-talk can also occur if the switching characteristics of the LCD materials used in the 
implementation of the shutters in active viewing glasses are not sufficiently rapid. The 
problem can also arise in systems that employ viewing glasses equipped with passive filters. 
For example, as indicated above, when using linearly polarised filter glasses the extent of 
cross-talk is influenced by variations in viewing orientation (head tilt).  

The interested reader is referred to the publication by Mel Siegel and Shojiro Nagata 
[2000] which discusses the advantages of reducing the extent of the disparities in stereoscopic 
images. In this context, they suggest: 

 
‘…it should be possible to stimulate binocular stereopsis even in the presence of substantial 
left/right cross-talk…In current systems, displayed disparities are large and cross-talk is 
perceived as ghosting. But when disparity becomes small enough that it is perceived as a blur 
rather than as ghosting, then the perceptual manifestation of cross-talk becomes as natural and 
unobjectionable as depth-of-field.’ 

 

6.5.2 Locally Coded Systems 
Another approach to the implementation of stereoscopic displays involves the simultaneous 
presentation of the left and right views on a conventional two-dimensional (2D) screen. In 
this case, the visual attributes of corresponding elements in a stereopair are combined in such 
a way that the resulting composite image is presented to the display screen. Two examples of 
this approach are presented below. 
 
6.5.2.1 Chromatic Coding (Anaglyph Technique) 
In this scenario, coding is achieved through the use of colour. Thus, as indicated above, 
corresponding elements within the stereopair are combined and are displayed in this 
amalgamated form. Viewing glasses comprising passive (colour) filters perform colour 
separation and transmit only the correct view to each eye. Stereoscopic systems using this 
technique are commonly referred to as ‘anaglyph displays’, and the left and right eye images 
are displayed in complementary colours - typically red and either green, blue, or cyan. Images 
are viewed through glasses with corresponding filters. Naturally, to work effectively this 
approach requires that the filters have a sufficiently sharp spectral response to eliminate 
image cross-talk (see, for example, MacDonald and Lowe [1997]).  

Anaglyph images are by no means new and appear to originate from the work of a teacher 
in Germany – Wilhelm Rollmann - in ~1853 [Symanzik 1993]. Independently Joseph 
D’Almeida carried out work in the area and in 1858 proposed the use of two different colours 
of light for the production of such images. However, some thirty years passed before Ducos 
Du Hauron introduced the term ‘anaglyph’ (derived from the Greek anagluphein - ‘to carve in 
relief’).  

The anaglyph technique provides a simple, low-cost method of presenting stereoscopic 
images. For many years it has been widely used in comics, advertisements, and has a 
particularly long heritage in 3D cinema (it appears that the first 3D anaglyph movie was 
created in 1889 (by William Friese-Green)). Until quite recently, anaglyphs were widely used 
in education, for example in the depiction of 3D geometrical diagrams (see, for example, the 
excellent anaglyph images created by Davies [1967], some of which are reproduced in 
Blundell [2008]).24 Monkhouse and Cox [2000] use anaglyph images to provide a visually 
impressive 3D atlas of stars and various galaxies with distance measurements being obtained 
using techniques such as triangulation (the Earth’s orbit around the sun providing the base-
line). 

Despite the use of colour to encode the left and right eye views, it is still possible to 

                                                
24 Excellent anaglyph photographs of the surface of Mars are available online (e.g. via the NASA website), and 
for printed versions see, for example, [Newcott 1998]. 
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successfully incorporate colour within anaglyph images. This can be achieved by capitalising 
on colours that survive passage through both filters: 

 
‘Although essentially [traditionally] a black and white system, a certain amount of colour 
can be introduced into the anaglyph. Colours other than red, blue and green pass through both 
filters and successfully combine in the 3D image, e.g., white, yellow, brown, gold, bronze, 
silver.’ [Girling 1990]. 

 
Discussion on the colour anaglyph technique is presented in subsequent volumes of this 
work.25 
 
6.5.2.2 Field Coding 
In an alternative scenario the left and right-hand images of a stereopair are again depicted 
simultaneously and overlaid on the display screen but differ in the orientation of their 
respective electric field vectors. Polarised viewing glasses are then used to direct each image 
within a pair to the appropriate eye. This differs from the approach mentioned in Section 
6.5.1 and which also involved the use of polarisation, as in the earlier case the left and right-
hand image pairs are depicted sequentially and hence this is classified as a temporal coding 
technique.  

By way of a brief example consider two corresponding pixels in a stereopair with 
intensities denoted IL and IR respectively. These can be encoded within a laser beam such that: 
 

,RL EEE   

 
where EL and ER denote the two orthogonal electric fields (corresponding to IL and IR), 
whose vector sum equals the electric field E of the laser beam (see Figure 6.24). From this 
diagram it is apparent that we can express the respective amplitudes of these electric fields as: 
 

,cosEEL    .sinEER   

 
 
 
 
 
 
 
 

Figure 6.24: Here, the electric field strength in a laser beam is the vector sum of two 
orthogonal electric fields EL and ER, which in turn are modulated by the individual 
pixel intensities in the left and right-hand views of a stereopair. This illustrates the ‘field 
coding’ technique (see text for discussion).  

 

The phase angle  is given by: 
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arctan . 

 
The two exemplar pixels are projected by the laser and simultaneously superimposed on a 
reflective projection screen yielding an intensity I, where: 

                                                
25 Also see Ideses [2004]. 
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and: 
 

,cosEI 22

L    .sinEI 22

R   

 
The viewer dons glasses comprising horizontal and vertical polarising filters and so the left 
and right eyes are presented with pixel intensities such that: 
 

,II Ll    .II Rr   

 
For further discussion on this unusual but interesting approach, see Pommeray et al. [1998]. 26 
 
6.5.3 Spatially Coded Systems 
An alternative approach to those outlined above (and which generally require the user to don 
special viewing glasses) is a technique that employs ‘spatial coding’. In Figure 6.25 a simple 
example is provided to illustrate the basic principle of operation. Here, the two images that 
comprise the stereopair are depicted on two separate display screens and are directed into two 
spatially distinct ‘viewing zones’ by a half-silvered mirror. A key advantage of spatial coding is 
that it provides stereoscopic viewing without the need for special glasses to be worn. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 6.25: The use of a half-silvered mirror to provide spatially coded stereo views. 
The left and right views are directed into two separate viewing zones - one for each 
eye. Although a half-silvered mirror may be used, other partially transmissive, partially 
reflective surfaces can be employed. For example, Swan’s Cube (invented by H. Swan 
in the mid nineteenth century) - see Sexton and Surman [1999].  

 
Although the approach illustrated in Figure 6.25 is useful in providing a simple means of 
conceptualising the spatial coding technique, the use of two display screens is unnecessary. 

                                                
26 Another related approach is to orthogonally polarise the left and right stereo images and project them 
independently onto the display screen. This general technique was patented by Anderton in 1891, but it was not 
until the availability of good quality linear polarising filters in the 1930’s that it was applied to stereoscopic 
cinema. 

              Left eye                    Right eye 

Left eye view 
(reversed) 

Right eye view 

Half-silvered 
mirror 

Flat screen displays 
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More usually, the two images are displayed simultaneously on a single flat screen – an 
intervening optical arrangement (the re-imaging/projection subsystem) - then directs the two 
views into the viewing zones. By way of example, consider the lenticular display (based on the 
work of F. E. and H. E. Ives in the first half of the twentieth century) - see Figure 6.26. Here, 
a ‘lenticular’ faceplate comprising a set of cylindrical lenslets is located on the outer surface of 
a conventional display. A stereopair is then interleaved in such a way that the lenslets are able 
to direct the left and right-hand views to the appropriate eye.27 

Typically the viewing zones are designed to have a width approximately equal to the 
average interocular distance. Thus, if the viewer’s head deviates by more than ~3 cm (half the 
interocular distance) laterally from the ideal central viewing position, then both eyes may lie 
within the same zone and the stereoscopic effect will be lost. Furthermore, in the case of 
some approaches of this type, the views repeat adjacent to the ideal viewing zones. Thus, as 
the viewer moves sideways away from the screen centre, the right eye can see the left-eye 
view and vice versa, resulting in the possible perception of a pseudoscopic image.   

Thus some systems constrain viewing freedom and in addition permit the 3D view to be 
seen from only one vantage point (i.e. do not support motion parallax). In contrast, multiview 
displays (see Chapter 8) extend the spatial coding technique and support motion parallax (at 
least in the horizontal direction). 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.26: Showing the general principle of operation of a ‘lenticular’ based display 
(for clarity, sizes are greatly exaggerated). A lenticular faceplate comprising a set of 
cylindrical lenslets is fitted to the outer surface of a conventional display. A stereopair 
is then interleaved in such a way that the lenslets are able to direct the appropriate 
image to each eye.  

 
6.5.4 An Early Stereoscopic Television System 

‘Every composer knows the anguish and despair  
occasioned by forgetting ideas  

which one had no time to write down.’28 

 
John Logie Baird is fondly remembered for having provided the first demonstration of 
practical television in the 1920’s.29 Baird’s longstanding research into the development of 3D 
data capture and display technologies (along with his work on high definition colour TV) is 
less well-known. In Figure 6.27 we illustrate an image capture and display system that was 

                                                
27 See related discussion on the fly’s-eye lens technique in Ueda and Nakayama [1979] and Okoshi [1976]. 
28 Attributed to Hector Berlioz (1803-1869). 
29 Geddes and Bussey [1991] is especially recommended to readers interested in the history of radio and 
television in the UK. Seiger [1939] describes an interesting optical/mechanical raster scanning system.  
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prototyped by Baird in the early 1940’s. This was ahead of its time and offered to provide 
stereoscopic colour television. Furthermore, as it was based on the spatial coding technique, it 
was unnecessary for the user to don viewing glasses [Wireless World 1942]. It is interesting to 
briefly review the operation of this system: 
 
1. The Cathode Ray Tube (CRT) shown on the left side of the diagram reproduced in Figure 
6.27 provides the source of light that is to be scanned across the image scene. The electron 
beam in the CRT rapidly scans out frames comprising 100 lines. A spinning disk placed in 
front of the CRT filters the white light generated by the CRT and enables the image scene to 
be scanned sequentially in red, green, and blue. An identical synchronised disk at the receiving 
end allows the user to perceive the colour contained within the image scene. Interlacing 
techniques are reported as having been used to provide an image comprising 500 lines. 
 
2. The mirror arrangement and shutter at the transmission end are responsible for the 
creation of the stereo image. The mirrors create two parallel beams approximately separated 
by the interocular distance. The shutter ensures that only one of these beams may scan the 
image scene at any one time. Thus the image scene is scanned from the perspective of one 
eye by red, green, and blue light in sequence. This process is then repeated from the 
perspective of the other eye. 
 
3. At the receiving end, an identical synchronised spinning shutter ensures that the results of 
each sequential red, green, and blue scan are seen only by the appropriate eye. 
 
Maintaining an appropriate viewing position is said to have been critical, but it is reported 
that: 
 

‘If the colour production lacked the ability in this early experiment to differentiate the subtler 
shades, it dealt, faithfully with the bolder colours. The stereoscopic effects were an unqualified 
success, and when the person being televised reached towards the “camera”, his arm at the 
receiving end seemed to project out of the lens towards the viewer.’ [Wireless World 1942] 

 
Some months later, a full page in the ‘Illustrated London News’ was devoted to Baird’s 3D 
technologies. This was entitled ‘Stereoscopic Television Pictures: A Notable British 
Achievement’ (look ahead to Figure 6.31 – where a sketch of a display employing chromatic 
coding is reproduced). However this system should not be confused with the one outlined 
above (which does not necessitate the use of special viewing glasses).  

For further related reading on Baird’s work see Baird [2004], Kamm and Baird [2002], 
Brown [2010], McLean [2000] and Moseley [1952].30 For discussion on the use of a Nipkow 
disk in the implementation of a more recent 3D display architecture, see Nii et al. [2007]. 

 
6.6 COMPUTATION FOR STEREOSCOPIC VIEWS 

‘The test of a first-rate intelligence is the ability 
 to hold two opposed ideas in the mind at the same time,  

and still retain the ability to function.’31 

 

Irrespective of whether a stereoscopic implementation employs temporal, local or spatial 
coding there is a penalty to be paid for the inclusion of binocular parallax. In the case of the 
temporal approach, image frames must be depicted more rapidly and so the graphics pipeline 

                                                
30 In relation to Baird’s work in the area of volumetric display technologies, see UK Patent Numbers 373,196 
and 557,837. 
31 Attributed to F. Scott Fitzgerald (1896-1940). 
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and display need (in principle) to be able to handle a doubling of the pixel throughput. When 
spatial coding is employed, only one half of the total number of displayed pixels are made 
visible to each eye. Furthermore, as discussed in the next chapter, when we increase the 
number of views onto a 3D scene (thereby supporting motion parallax), there is a 
corresponding reduction in the number of pixels simultaneously presented to each eye. And 
so multiview systems are generally best implemented using displays that support a high 
‘pixel/voxel bandwidth’. Finally, in the case of the chromatic coding technique, the price paid 
for the inclusion of binocular parallax relates to a reduction in colour capability (at the very 
least there is a significant reduction in the range of colours that can be assigned to each 
picture element). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
Figure 6.27: A system developed by John Logie Baird in the early 1940’s for 
stereoscopic, colour television. This represents a spatial coding technique and so there 
was no need to don viewing glasses. See text for details on the operation of this system 
(Reproduced from Wireless World, ‘Stereoscopic Colour Television’, February 1942.) 

 
In addition to the above requirements (which specifically relate to the coding process) the 
image scene must be rendered from two slightly different viewpoints, corresponding to the 
natural viewing position of the two eyes. In principle, this doubles the computational cost 
compared with the monocular display technique; although as outlined below, techniques may 
be employed to reduce the computational overhead. 

In Section 1.6.1 we introduced the perspective projection for mapping a single view-point 
of a 3D scene onto a conventional 2D display. Typically, for complex scenes, this is 
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combined with a rendering procedure to provide a realistic image containing a full range of 
pictorial depth cues. As a stereoscopic display must depict two such scenes, the most 
straightforward approach to the computation of stereo views is simply to separately render 
the two images. This entails performing the projection twice, from viewing positions offset by 
±I/2 (where I represents the interocular distance)32 laterally from the plane defined by y=0 - 
see Figure 6.28. This illustration shows the plan view geometry of the projection from a point 
(x,y,z) to the two eyes. We assume that the projection for the left eye intersects the viewing 
window at (xL,yL) and for the right eye at (xR, yR). Consider the triangle ABC, from which it is 

apparent that for xI/2: 
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Thus: 
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And for yL we may simply employ Eq. (1.1) – that is: 
 

.
z

yD
yL       (6.11) 

 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.28: A plan view of a projection from a point (x,y,z) to the two eyes. This 
projection cuts the viewing window at points (xR,yR) and (xL,yL). See text for 
discussion.  

 
 

                                                
32 However, in practice, a physically realistic value of I and viewing distance D may not be the best choice unless 
the objects or scene being depicted are to be viewed at their actual size [Lipton 1997]. In effect, when very large 
or very small objects (e.g. buildings, mountains, molecules) are to be depicted, the scale of the viewer should be 
decoupled from that of the scene in order to create an appropriate depth effect.  
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Similarly, for the right eye view, we can write: 
 

,
2

I

z2
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z
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z

yD
yR      (6.12) 

 
In a temporally-coded system, the number of pixels (N) to be rendered per stereo refresh is 
given by: 
 

,NN2N yx      (6.13) 

 
where Nx and Ny denote the number of pixels located horizontally and vertically on the 
display. Thus, in a simplistic approach where each view is rendered independently, the 
computation time for the stereoscopic pair is tstereo=2tmono, where tmono represents the time 
required to render a single monoscopic view. 

However, this approach does not take advantage of the fact that many aspects of the two 
views are likely to be the same or can be inferred. By doing so, significant increases in 
stereoscopic rendering speed may be achieved. Consider the two projection transformations 
given above. It can be seen that, for a given point, the y-projection is the same for both views, 
whereas the x-projection in the right-eye view is related to that in the left-eye view by: 
 

.1
z

D
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      (6.14) 

 
Thus: 
 

‘...the point moves horizontally between the views by a distance dependent on the depth of the 
point to be projected, the distance from the viewing position to the projection plane, and the 
distance between the two viewing positions.’33 [Adelson and Hodges 1993] 

 
Consequently, given a rendering for the left-eye view, the x-projection for the right-eye view 
can be analytically calculated based on the known parameters of the interocular separation 
and the viewing distance. However, Eq. (6.14) is only completely valid under certain 
circumstances and the interested reader is referred to the more detailed discussion offered by 
Adelson and Hodges [1993]. Nevertheless, coherence between stereoscopic views forms the 
basis of algorithms developed to enable ray-traced stereoscopic pairs to be computed rapidly. 
The stereoscopic computation requirements are therefore more generally represented as 

tstereo=tmono, where  is a factor of between 1 and 2. For example, by targeting and recalculating 
for the right-eye view only those pixels that are not robustly estimated from the left-eye view, 

Adelson and Hodges [1993] achieved stereoscopic ray-traced computation times with  in the 
range 1.05 to 1.3. Unfortunately, the advantages offered by this approach vary with scene 
content and so cannot necessarily be predicted in advance. 

 
6.7 CREATING A STEREOSCOPIC IMAGE 
Stereograms may be readily created using either one or two digital cameras. In the case that 
only a single camera is available, a photograph of the scene is taken34 and this provides one of 
the two images comprising the stereopair. The camera is then moved horizontally by an 
amount approximately equal to the interocular distance and the scene is photographed for a 

                                                
33 For clarity, symbols used by the authors are omitted. 
34 Naturally, this description relates only to static scenes.  
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second time. Once transferred to a computer, the two images are suitably resized and 
depicted side-by-side for viewing.  

Shifting the camera between the two shots (and at the same time maintaining its 
orientation and vertical position) requires a little practice. The author has found that 
satisfactory results can be obtained by making use of a camera’s traditional (optical) 
viewfinder (thus the camera is held firmly against the head). The horizontal displacement may 
then be achieved by the simple expedient of shifting one’s weight from one leg to the other. 
This works quite well (see, for example, Figure 6.29) – but the degree to which the camera 
moves horizontally is naturally governed by a person’s height. The process can therefore be 
fine-tuned by experimenting with foot separation (for the author, a camera displacement 
approximating to the interocular distance is obtained when the feet are close together).  

If two digital cameras are available, then they can be mounted on a horizontal strip of 
wood, metal or the like. This enables the lens separation to be more carefully controlled and 
allows the optical axes of the cameras to be set so as to be either parallel or converging. 

It is also entertaining to manually create simple stereoscopic drawings. For example, 
consider the formation of a stereopair illustrating a simple open cube. As indicated in Figure 
6.30(a) we begin by drawing two adjacent rectangular frames within which the left and right 
views are to be depicted. In the first example we demonstrate the formation of a cube that 
when fused appears to be located into the page.  

 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.29: Exemplar stereoscopic photographs taken by the author using a single 
digital camera. As mentioned in the text, the images are captured using the optical 
viewfinder – thereby holding the camera firmly against the head. The horizontal 
displacement required between views may be achieved by the simple expedient of 
shifting one’s weight from one leg to the other. Naturally, this technique can only be 
used for static image scenes! (The upper image shows an A99 Austin Westminster 
(manufactured in 1960). The lower photographs were taken in Chambon-sur-Voueize, 
France.) 
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As may be seen from Figure 6.30(b), we position the front of the cube in the plane of the 
stereo window. This is achieved by drawing an identical rectangle in each frame and ensuring 
that the two rectangles are in the same positions relative to their frame boundaries (zero 
disparity). Using a single vanishing point, a perspective view of a cube is drawn in one frame 
(see Figure 6.30(c)). This process is repeated in the second frame – but with the vanishing 
point offset from the first by a horizontal distance which is a little greater than the separation 
of the frame centres. Finally, the construction lines are removed (Figure 6.30(d)). Figure 
6.30(e) summarises the formation of a cube that stands out from the page. Although in this 
example we have retained the previous inter-vanishing point distance, it is common to reduce 
this value to a little less than the separation of the frame centres.35 Discussion on the 
geometry of stereoscopic image formation is provided in subsequent volumes. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.30(a): Two rectangular frames are created. The distance between 
their centres is approximately equal to the interocular distance. Their height is 
an arbitrary choice. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 6.30(b): In this example, we assume that an open cube is to be formed 
into the page. Consequently, the front of each cube is to be located in the 
stereo plane. Two identical rectangles are used and are positioned so that there 
is no disparity – the frame contents remain identical.  
 

                                                
35 In relation to the accurate crafting of stereoscopic drawings see, for example, Rule [1938]. 

60mm 60mm 



234  3D Displays and Spatial Interaction Barry G Blundell 

 

 

 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 6.30(c): A perspective view of the cube is formed in one frame.  This 
process is then repeated in the second frame. The vanishing point is displaced 
horizontally by a distance that is a little greater than the separation of the 
frame centres.  
 

 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 6.30(d): The final rendition of the open cube. This can be readily fused. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.30(e): In this example we indicate the construction of an open cube 
that, when fused, appears to stand out from the page. The two rear surfaces 
(smaller rectangles) are located in the same relative positions within each frame 
(zero disparity). The separation of the vanishing points is maintained at 
~65mm. Alternatively, a vanishing point separation of less than 60mm can be 

used – the reader is left to experiment. 
 

This surface is 
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stereo plane 

~65mm 
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Figure 6.30(f): This diagram is adapted from (e) – a rear rectangle has been 
added and the lines to the vanishing points have been clipped. The central 
rectangle remains positioned in the stereo plane.  

 
 
6.8 DISCUSSION 

‘The easeful days, the dreamless nights, 
The homely round of plain delights, 
The calm, the unambitioned mind 

Which all men seek, and few men find.’36 

 
In this chapter we have briefly considered facets of display paradigms that are fundamentally 
based on the stereoscope, which was pioneered by Charles Wheatstone and David Brewster 
in the nineteenth century. In Chapter 8 we extend the ideas presented here and consider the 
inclusion of the motion parallax depth cue within stereoscopic systems.  

Although stereoscopic techniques greatly enhance realism, they do not fully mimic our 
real world visual experience (nor indeed does any other form of display). As discussed, when 
viewing stereo images the accommodation and convergence depth cues usually become 
decoupled – accommodation remaining fixed on the surface on which the stereo image is 
depicted. Thus we are prevented from focusing at different depths within the 3D scene - this 
is in contrast to our perception of the natural world in which our eyes continually refocus as 
we shift the position of gaze. In this general context, Siegel and Nagata [2000] write: 
 

‘The most important and well-known conflict is between convergence and accommodation: the 
eyes converge to a virtual world-point in front of or behind the screen, but they focus on the 
screen per se. This discrepancy is physically and mentally uncomfortable. And despite the 
availability – and the routine application – of nominally mitigating heuristics, we often notice 
that people using computer workstations equipped with 3D stereoscopic capability avoid using 
the stereo except when it becomes impossible for them to do the task at hand without it.’ 

 
It is important to recognise that the ‘perfect’ creative 3D display system does not exist and in 
selecting a technology for development or use we are often forced to make pragmatic 
compromises as we attempt to balance usability issues, performance considerations, 
application needs – and of course, cost.  

John Logie Baird is well known for his hard work and determination – not only in 
demonstrating practical television but also in respect of initiating television broadcasting. We 
have briefly outlined a pragmatic 3D image capture and display system which he constructed 

                                                
36 Austin Dobson. 
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nearly seventy years ago. In Figure 6.31 we reproduce an artist’s rendition of another of his 
technologies which employs the chromatic coding technique.37   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Within this chapter, we have frequently referred to retinal disparities and in Section 6.4.1 we 
alluded to several interpretations of the term ‘corresponding points’ as applied to the images 
cast onto the retinas. However, it is important to note that the manner in which the visual 
system deals with and interprets retinal disparities is complex and far from properly 
understood. By way of a simple example consider the stereograms presented in Figure 6.32(a) 
and (b) in which there is a significant difference in the sizes of the left and right-hand views. 
Naively we may expect that the introduction of such a disparity would make it difficult to 
fuse the images and so perceive the 3D relief of the image scene. However, readers who are 
confident in fusing stereograms should experience no such problem. In Figure 6.32(c), we 

                                                
37 Despite Baird’s many years of experience in the design and implementation of 3D systems, it appears that he 
was excluded from British wartime efforts aimed at the development of 3D displays for radar applications. See, 
for example, Kamm and Baird [2002] and summary discussion in Blundell [2007].   

 

 

Figure 6.31: In 1942 the ‘Illustrated London News’ 
devoted a page to John Logie Baird’s pioneering work 
in connection with the development of 3D data capture 
and display systems. Here, we reproduce an artist’s 
rendition of one of his display technologies. This 
employs the chromatic coding technique (implemented 
using a rotating filter wheel). Notice the unusual CRT 
design which was intended to reduce its overall depth. 
(Interestingly, in the 1970’s Clive Sinclair (UK) created 
a short profile CRT by employing a magnetic field 
which changed the electron beam trajectory. This 
enabled the axis of the electron gun to lie approximately 
parallel to the plane of the display screen.) The article 
concludes ‘Baird’s invention will be of the greatest 
entertainment interest to thousands, if not millions, of “lookers-
in” after the war is won. Other achievements by Mr. Baird are 
televised pictures in full colours, and stereoscopic pictures which 
may be viewed without the aid of coloured spectacles.’ (Image 
reproduced from the ‘Illustrated London News’ 9th May 
1942.) 
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have not only included a disparity in the size of the two views, but have also introduced an 
imbalance in their contrast and brightness. Although it may take a few moments for the visual 
system to fuse these images, the perception of 3D relief is still readily accomplished. 

In terms of further reading, the book by Lenny Lipton [Lipton 1983] provides much 
useful information on stereoscopic photography in the context of film-making. However, this 
classic text pre-dates the digital era and for more up to date information concerning 
stereoscopic digital cinema see, for example, Mendiburu [2009]. The article by Charlotte 
Huggins [Huggins 2008] is also a valuable starting point. Dumbreck [1993] provides general 
discussion on possibilities for developing 3D television. Ogram [2001] provides sound and 
most informative discussion of stereoscopic techniques.38 

Over the years very many books, journal publications and articles have been written in 
relation to the implementation of stereoscopic displays and stereopsis in general. The 
following sources may well be of interest to the reader. Wheatstone [1838] continues to 
provide numerous relevant and interesting observations on binocular vision. In the context of 
stereo display techniques, the following provide useful background discussion: Hodges 
[1992], Lipton [1988], Jachimowicz and Gold [1990], Starks [1992]. Regarding improvements 
in the formation of stereoscopic images see, for example Holliman [2004], and Jones et al 
[2001]. Andrew Woods provides detailed discussion on cross-talk [Woods 2010a,b]. Pepper et 
al. [1977] describe a study in evaluating operator performance when using conventional 
(monocular) and stereoscopic display systems. Palmisano et al. [2010] discuss stereoscopic 
depth perception over large distances. Richards [1970] discusses experimental findings 
concerning the proportion of the population who are unable to perceive stereoscopic images 
– for related discussion, see Bach et al. [2001]. Siegel and Lipton [2004] endeavour to develop 
performance metrics in relation to stereoscopic display technologies. Von Meisterstein [2006] 
provides a collection of anaglyph images that are largely of historical interest. Davies [1967] 
provides a set of excellent anaglyph line drawings (some of which are reproduced in Blundell 
[2008]). Additionally, see Davies and Bolas [1973]. Although this is an elementary high school 
text, Davies uses anaglyph techniques to form excellent 3D renditions of Ordnance Survey 
maps. Tongue [2006] provides a collection of historically interesting stereograms and 
incorporates a good quality stereo-viewer as part of the book’s cover. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

                                                
38 Available via the Stereoscopic Society, www.stereoscopicsociety.org.uk (Last visited December 2010.) 
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Figure 6.32: Here, we introduce a disparity into the size of the left and right-hand 
stereo views (the right-hand images are ~12.5% larger). Despite this discrepancy, 
readers who are readily able to fuse stereograms presented elsewhere in this book 
should experience no significant difficulty in fusing these pictures. (Hint: when fusing 
the images focus attention on the circular ornament on the right-hand side of the 
photographs.) In (c) the views also differ in both contrast and brightness. However, the 
visual system is still able to fuse and interpret this stereopair (although image quality is a 
little degraded). The reader is left to experiment further! 
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7.1 INTRODUCTION 

This chapter primarily focuses on the ‘image space’ in which the electronically formed image 
resides, or from which it appears to emanate. The characteristics of this space are of great 
importance for they not only define various image attributes but also - and most importantly - 
impact on interaction opportunities. In the next section we introduce several types of image 
space and, with one exception, adopt the naming convention used in several of the author ’s 
previous publications (see, for example, Blundell [2008]). Thus we identify the planar, 
apparent, virtual, and physical forms of image space. However, for reasons that will become 
apparent we use the term ‘ethereal’ in connection with the ‘free’ form of image space 
described in previous works. In addition we extend the classification of both the virtual and 
ethereal image spaces into subclasses referred to as types I and II.  

In order to better describe the nature of the various forms of image space we briefly 
associate each with specific display modalities, although in general we defer more detailed 
discussion on display technologies to Chapter 8 and 9 – also see Volumes II and III of this 
work.  

In Sections 7.3 and 7.4 we turn our attention to the Pepper’s Ghost and Phantasmagoria 
theatrical illusions, which respectively date back to the nineteenth and eighteenth centuries. 
Both have a fascinating history, and today we see their reappearance in digital form. In terms 
of current terminology, the traditional Pepper’s Ghost illusion represents a form of 
‘augmented reality’ in which real and virtual objects appear to coexist within the same image 
space. In contrast the Phantasmagoria (central to which was the Phantascope) represents a 
dramatic form of immersive virtual reality and provided a truly multi-sensory experience (look 
ahead to Figure 7.13). As will be discussed, the physical techniques that underpin both of 
these early approaches form the basis for several current display systems and so maintain 
their relevance.  

Interestingly enough, both Pepper’s Ghost and the Phantasmagoria were driven by a 

7 IMAGES AND SPACE  

‘And speaking not, but leaning over him 
I took his brush and blotted out the bird, 
And made a Gardener putting in a graff, 
With this for motto, “Rather use than fame.” 
You should have seen him blush; but afterwards 
He made a stalwart knight.’ 
 
 
 
 
 
 
 
 
.’ 
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desire to excite, thrill and terrify. Despite the passage of time little has altered, for today 
entertainment remains a key driving force behind the development and application of various 
forms of creative 3D technologies. Charlotte Huggins [2008] vividly describes the impact of 
3D in cinema: 

 
‘Some of the best 3-D experiences take you to a place you’d never otherwise get to go and put 
you up-close-and-personal with the coolest characters: front row at a sold-out concert, miles into 
outer space or deep under the ocean, within reach of a character you love (or fear) in the middle 
of a fully rendered game where you are one of the players, or on a journey to an imaginary 
world…the technique is equally evocative for scenes or stories set in tight, close quarters, 
creating an unprecedented sense of intimacy with the characters…In 3-D, the sensation of 
‘being there’ is undeniable, and in a theater with any audience, even a jaded Hollywood crowd, 
you’ll see people reach out, duck and clutch the arms of their seats believing what’s on the 2-D 
screen really exists in three dimensions.’ 

 
As will be seen, in the late eighteenth century and for the larger part of the nineteenth 
century, the Phantasmagoria also provided audiences with a highly immersive experience - 
creating a strong sense of ‘intimacy’ with surreal image sequences that appeared to be in close 
proximity.  

 
7.2 CLASSES OF IMAGE SPACE 

‘You can tear a poem apart to see what makes it tick...  
You’re back with the mystery of having been moved by words. 

 The best craftsmanship always leaves holes and gaps...  
so that something that is not in the poem can  

creep, crawl, flash or thunder in.’1   
 
In this section we identify five general classes of image space (see Figure 7.1) and provide 
brief examples of approaches that may be used in their formation. These image spaces differ 
in their physical properties, their impact on image attributes, and can have a profound effect 
on the interaction opportunities that they are able to support. In addition, by focusing on the 
properties of the image space we are able to divorce ourselves from issues relating to display 
hardware and gain a better insight into visualisation opportunities and usability issues.  

 
7.2.1 The Planar Image Space 
In the case of this, the simplest class of image space, the visible image is formed on one or 
more static surfaces and only the pictorial cues to depth are encapsulated within the image. 
The standard computer display provides an obvious example of this approach and as 
previously discussed, both the oculomotor and parallax depth cues are absent from the 
displayed image scene.  

The diverse approaches that we include in this category of image space are summarised in 
Figure 7.2. As can be seen, we embrace both curved surfaces and multi-faceted display 
geometries – and consequently the term ‘planar image space’ is non-optimal but does convey 
the fact that the dimensionality of the image space is akin to the entertaining world of 
Flatlands described so eloquently by Edwin Abbott in the late nineteenth century.2  

                                                
1 Dylan Thomas (1914-1953). 
2 Digressing for a moment, here is a brief extract from ‘Flatland: A Romance of Many Dimensions’ [Abbott  
1884]: ‘I call our world Flatland, not because we call it so, but to make its nature clearer to you, my happy readers, who are 
privileged to live in Space. Imagine a vast sheet of paper on which straight Lines, Triangles, Squares, Pentagons, Hexagons, and 
other figures, instead of remaining fixed in their places, move freely about, on or in the surface, but without the power of rising above 
or sinking below it, very much like shadows — only hard with luminous edges — and you will then have a pretty correct notion of 
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Figure 7.1: A summary of several classes of image space. Note that the virtual and 
ethereal (‘free’) forms of image space have each been further refined by the inclusion of 
two sub-classes, which we refer to as types I and II. 

 
As can be seen from Figure 7.2, we include screens that are formed from both solids and 
liquids. Consequently, we not only embrace conventional flat-screen display technologies but 
also, for example, screens that are formed from a sheet of water onto which images are 
projected. The earliest example uncovered by the author to date concerning the use of this 
technique is described in a patent filed by P.C. Just in 1899 (see US Patent 620,592). An 
extract from this reads: 
 

‘The invention consists in the combination of a nozzle or other means for throwing a flat jet or 
sheet of water into the air and a picture-projecting apparatus, such as a stereopticon or 
kinetoscope, so located with reference to said flat jet or sheet of water as to throw a picture or 
image upon said sheet, which latter takes the place of the screen usually employed in connection 
with projecting apparatus.’ 

 
Currently, this same general approach is frequently used to create spectacular large screen 
outdoor displays. Several example configurations are illustrated in Figure 7.3. In the case of 
Figures (a) and (b) the screen is formed using a vertical ‘mist’ of water droplets. In (a) these 
are simply sprayed upwards without regard for variations in screen thickness, etc., whereas in 
(b) the trajectory of the droplets is more carefully controlled by placing them between two air 
curtains. In (c) a stream of water impinges on a deflection plate causing the formation of a 

                                                                                                                                             
my country and countrymen. Alas, a few years ago, I should have said “my universe”: but now my mind has been opened to higher 
views of things. 

In such a country, you will perceive at once that it is impossible that there should be anything of what you call a “solid” kind; 
but I dare say you will suppose that we could at least distinguish by sight the Triangles, Squares, and other figures, moving about as 
I have described them. On the contrary, we could see nothing of the kind, not at least so as to distinguish one figure from another. 
Nothing was visible, nor could be visible, to us, except Straight Lines; and the necessity of this I will speedily demonstrate…. 

Windows there are none in our houses: for the light comes to us alike in our homes and out of them, by day and by night, 
equally at all times and in all places, whence we know not. It was in old days, with our learned men, an interesting and oft-
investigate question, “What is the origin of light?” and the solution of it has been repeatedly attempted, with no other result than to 
crowd our lunatic asylums with the would-be solvers. Hence, after fruitless attempts to suppress such investigations indirectly by 
making them liable to a heavy tax, the Legislature, in comparatively recent times, absolutely prohibited them. I — alas, I alone in 
Flatland — know now only too well the true solution of this mysterious problem; but my knowledge cannot be made intelligible to a 
single one of my countrymen; and I am mocked at — I, the sole possessor of the truths of Space and of the theory of the introduction 
of Light from the world of three Dimensions — as if I were the maddest of the mad! But a truce to these painful digressions: let me 
return to our homes…’ 

Forms of Image Space 

Planar Apparent Virtual Physical 

Type I Type II 

Ethereal 
(Free) 

Type I Type II 
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fan-shaped screen. Three exemplar images depicted on the Tsunami Water Screens3 are 
presented in Figure 7.4.  

For further related reading, see, for example, US Patents 3,334,816, 4,955,540, 5,067,653, 
5,265,802 and GB Patent Application 2,220,278A. Sugihara and Tachi [2000] discuss the use 
of water screens in the implementation of augmented reality displays – specifically a head-
mounted display in which a dome of water cascades around the head and a much larger 
system employing a water dome some 8m in diameter. This is able to accommodate up to 
twenty people. In both cases images are projected onto the dome of water using external 
projectors.  

As discussed shortly (Section 7.4) an alternative but related approach is based on the 
formation of a screen surface using a gaseous (or small particle) medium via which projected 
light is scattered (see, for example, the ‘immaterial’ FogScreen® technologies).4 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 

 
 
 
Figure 7.2: Here we indicate various screen configurations that are able to give rise to 
a ‘planar’ image space. In essence, the image is formed or cast onto one or more (static) 
planar or curved screens. The screen(s) are made from either solid or liquid materials. 
Planar or curved screens formed using a flow of small, discrete, light-scattering centres 
may be included within this category or alternatively may be classified as representing 
an ‘ethereal’ (‘free’) form of image space (see Section 7.2.4). A planar image space 
equates to the ‘primary image depiction subsystem’ referred to in Figure 1.13 and here 
it is assumed that it does not support the oculomotor and parallax cues to depth. 

 
As indicated above, we assume that the planar form of image space is able to support the 
formation of images which encapsulate only the pictorial cues to depth. Consequently, forms 
of image space that are additionally able to support the oculomotor and/or binocular cues are 
classified in other categories. For example: 
 

                                                
3 http://www.TsunamiScreen.com (Last visited January 2011.) 
4 Also see US Patent 6,819,487 B2. 
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1. We exclude image spaces that are formed from a plurality of planar (or curved) screens 
that are stacked one behind the other. This modality gives rise to a multiplanar image space in 
which images may effectively occupy a 3D display volume. 
 
2. We exclude image spaces that are formed from the cyclic motion of a planar or curved 
screen. As discussed in Section 9.2.1, this approach is used in the implementation of swept-
volume volumetric displays and gives rise to a ‘physical’ form of image space (see Section 
7.2.3) in which images are able to occupy three physical dimensions.  
 
3. We exclude image spaces that are formed from screens that undergo regular and repeated 
deformation – so as to generate an active optical component such as a varifocal mirror (see 
Section 9.4). 
 
4. We exclude image spaces that are formed through the projection of stereoscopic images 
onto a planar screen. In terms of the terminology used in this book, this scenario is assumed 
to give rise to an ‘apparent’ form of image space (details are provided in the next subsection). 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
(a) (b) 

 
 
 
 
 
 
 
 
 
 
 

 

 
 
Figure 7.3: Three examples of screens formed using water - either in droplet or sheet 
form. In (a) a mist of water droplets is projected upwards from a barge or other 
convenient platform equipped with an appropriate pumping system. In (b) the motion 
of the water droplets and hence the screen profile is more carefully controlled, the 
water droplets being confined between two air curtains. In (c) a fan-shaped screen is 
generated by means of a stream of water that impinges on a deflection plate. (Image (a) 
reproduced from GB Patent Application 2,220,278 A, (b) from US Patent 5,067,653 
and (c) from US Patent 5,265,802.)   

  

 

(c) 
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7.2.2 The Apparent Image Space 
This form of image space is associated with display technologies which are fundamentally 
based on the principle of the stereoscope. As previously discussed, when we fuse stereoscopic 
images we perceive an image space that appears to lie in front of, behind or which spans the 
stereo plane: 

 
‘…the depth and location of this image space is wholly illusionary. The sensations of depth and 
location are perceived within the visual system from disparities that are encoded in the pair of 
images (the image space has no physical basis – its extent is solely based on our perception).’ 
[Blundell 2008] 

 
In Figure 7.5(a), we reinforce this notion by considering a simple stereoscopic view of a 
wireframe cube. The geometrical differences in the left and right-hand images of the 

 

 

 

Figure 7.4: Exemplar 
images depicted on a screen 
manufactured by Tsunami 
Water Screens™. The 
Tsunami TSU12DX is 12 
feet in width and 9 feet high 
(although the width is in 
essence unrestricted as 
multiple water screens can 
be placed side by side). The 
lower images show a 
standard display ‘testcard’. 
(Images kindly supplied by 
and reproduced by 
permission of Jason Taylor, 
Tsunami Water Screens Inc., 
USA.) 

 

In short, any image depicted in a planar image space, resides upon (and appears 
to reside upon) a surface whose form and spatial coordinates are essentially static.  
The image space constitutes the ‘primary image depiction subsystem’ referred to 
in Figure 1.13. Furthermore, this class of image space is assumed to be limited to 
the formation of images which embody only the pictorial cues to depth. 
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stereopair are clearly evident. However, as with the stereograms presented in Chapter 6 and 
elsewhere in this book, when these images are fused we experience a single unified shape that 
we perceive as being 3D in form. From a macroscopic perspective the visual system has 
identified a geometrical structure which exactly conforms to content within the perspective 
views presented to the left and right eye. It can be helpful to think of this in the context of 
‘extruding’ the 2D geometries into the third dimension. Once the images are fused, ‘fixation 
lock’ can be maintained without effort. In (b), we overly increase the depth of the 
stereoscopic view (increased disparity) - to such an extent that the visual system is unable to 
perceive a single unified representation.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) 
 

Figure 7.5: Two simple wireframe stereopairs. In (a), we are able to fuse the two 
geometries into a single unified geometrical shape. From a macroscopic perspective this 
may be considered in terms of the visual system ‘extruding’ the two shapes into a third 
dimension and identifying a ‘single’ geometrical solution onto which the two shapes 
under observation map.5 The perceived shape resides within an image space that is 
entirely illusionary. The stereopair presented in (b) seeks to depict somewhat greater 
depth. However, the visual system is no longer able to fully map these geometries into a 
single unified structure. A stereopair can be said to exhibit ‘comfortable fusion’ when the 
entire image scene can be fused into a single (unified) entity – irrespective of the 
location of the region of fixation (upon which the visual axes of the eyes converge). 

                                                
5 Although note the ‘Necker Cube’ effect (after L.A. Necker). When either of the drawings in (a) is viewed in 
isolation, the cube switches between two orientations. When fused, this effect persists but to a lesser degree. 

(a) 
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Thus in the case of all images generated by displays fundamentally based on the principle of 
the stereoscope, the three-dimensionality of the image space has no physical basis. We refer 
to this as an ‘apparent’ form of image space. However despite its illusionary nature, when the 
image space is perceived as lying above the stereo plane, it is possible to insert physical 
objects into the volume which it appears to occupy. In this way objects and image components 
appear to coexist. This offers to provide support for pointer-based interaction (including 
interaction using a haptic probe via which the user can ‘touch’ and hence ‘feel’ image 
components). Unfortunately, the insertion of objects into an apparent image space can 
interfere locally with the formation of stereoscopic images and in addition can further 
exacerbate the ramifications of accommodation/convergence breakdown.  
 

7.2.3 The Physical Image Space 

In this case, image components are depicted within a physical 3D volume. Since images are 
able to occupy three physical dimensions they exhibit (to a first approximation) the three-
dimensionality that we associate with physical objects, and support pictorial, oculomotor and 
parallax depth cues in a fairly natural manner. Viewing glasses are not required. The physical 
form of image space can be generated by several display paradigms including the volumetric 
approach (see Section 9.2). 

Systems that generate the physical form of image space often impose little restriction on 
viewing position, enabling one or more users to move around the display and observe the 
image scene from practically any vantage point. Thus no particular viewing position (centre of 
projection) is assumed and the vanishing point(s) shift in a natural manner as an observer 
changes position. Consequently, when a display technology permits an image scene to be 
viewed from practically any location by several observers (cf. the ‘crystal ball’ or goldfish in a 
bowl/fish tank), it is not usually possible to enhance the apparent depth of the scene by 
adjusting the location of any artificially imposed vanishing point(s). Although this practice can 
enhance depth as perceived from one particular viewing location, it generally results in a 
distorted image being seen from other positions.   
  

 
 
 
 
 

 
 
Interestingly, the natural movement of the vanishing point in accordance with changes in 
viewing position was noted by Leonardo da Vinci who wrote: 
 

‘…the extent to which the point of diminution travels with you will be apparent when you walk 
beside a ploughed plot of land with straight furrows, the end of which reach down to the road on 
which you are walking. You will always see each pair of furrows in such a way that it seems to 
you that they are trying to press inwards and join together at their distant ends.’ (Quoted in 
Kemp [2006].) 
 

Whilst extensive viewing freedom is a general characteristic of systems that give rise to a 
physical image space, on the basis of the definition adopted here it is not a requirement. In 
fact, in some applications unrestricted viewing freedom can be a negative attribute (for 
example, in air traffic control applications it has the potential to cause operator 
disorientation). In Figure 7.6 we summarise the three essential requirements of a physical 
image space and indicated several ensuing characteristics. As can be seen from this diagram, 

A key feature of 3D images depicted in both ‘physical’ and ‘free’ forms of image 
space is the presence of vanishing point(s) which are not artificially imposed but 
which occur naturally, i.e. in a manner identical to our perception of vanishing 
points within the physical world. Thus their location is determined by, and 
changes in accordance with, the position and motion of the observer. 
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in addition to enabling objects to occupy three spatial dimensions and supporting direct 
viewing (without recourse to glasses), we assume that a physical interaction tool is unable to 
enter the image space. This restriction arises because a physical image space is assumed to 
comprise one or more solid components, a liquid, or low-pressure gaseous media. Thus either 
the solid components that form the image space prevent the insertion of the interaction tool 
or, if it comprises a liquid or gas, it will be surrounded by a containing vessel which again will 
prevent the introduction of physical objects.  
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
Figure 7.6: The physical form of image space enables images to occupy three physical 
dimensions and is formed from solid, liquid or gaseous components. In addition, images 
can be viewed directly without the need for special glasses. Pictorial, oculomotor and 
parallax depth cues are naturally associated with images depicted in a physical image 
space (this usually includes both horizontal and vertical parallax). However, many 
implementations give rise to translucent images and do not support opacity. An 
essential characteristic of this form of image space is the presence of natural vanishing 
points whose locations vary with changes in the position(s) of the observer(s).  

 

7.2.4 The Ethereal (Free) Image Space  

From the perspectives of realism, viewing freedom, and image manipulation, the ability to 
create images that appear to be suspended in mid-air appears (at least in principle) to be 
particularly attractive. In essence such a display modality removes the restriction imposed 
above, concerning the inability of an object to enter the physical form of image space. Thus 
to a first approximation, the attributes of this form of image space may be summarised by 
referring to Figure 7.6 and simply changing the text box on the upper right-hand side of the 
diagram so as to read ‘Physical interaction tools can enter the image space’. However, this 
diagram does not fully describe all possible forms of the ethereal image space modality.  

Before continuing, it is appropriate to clarify the use of the terms ‘free’ and ‘ethereal’. The 
former has been adopted in a number of publications including several by this author (see, for 
example, Blundell [2006, 2007 and 2008]). More recently, the term ‘immaterial’ has also been 
coined to describe displays able to create mid-air images.  However, the relevant definition 
given by the Merriam and Webster dictionary of the adjective ‘immaterial’ reads ‘not consisting 
of matter’ and this is quite at odds with the fundamental principle of operation of several forms 
of ‘mid-air’ display technologies. Michael Halle [1997] succinctly clarifies the nature of images 
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created by such displays and defines what he refers to as the ‘Projection Constraint’ in the 
following way:  

 
‘A display medium or element must always lie along a line of sight between the viewer and all 
parts of a spatial image.’ 

 
He goes on to add: 
 

‘Photons must originate in, or be redirected by, some material. The material can be behind, in 
front of or within the space of the image, but it must be present. All claims to the contrary 
violate what we understand of the world... Technologies lavished with claims of mid-air 
projection should always be scrutinised with regard to the fundamental laws of physics.’ 

 

In short, and disregarding relativistic phenomena, light travels in a rectilinear manner unless 
influenced to do otherwise by the presence of optical components or some form of material 
on which it impinges. By way of example, curved mirrors or lenses may be used to project an 
image so that it appears to ‘float’ in mid-air or light may impinge on particles via which it is 
scattered. In this latter case the particles may not be readily visible but if they were removed, 
image formation would no longer take place. Clearly, such an image space cannot be said to 
be ‘immaterial’, and nor is the title ‘free image space’ entirely appropriate. Here, we prefer to 
adopt the term ‘ethereal’ to describe this image space modality – thereby avoiding more 
precise (and therefore perhaps overly restrictive) terminology. 

Recall from Figure 7.1 that this form of image space is subdivided into two types. This 
enables us to distinguish between the two scenarios mentioned above – as follows: 

 
1. Ethereal (Type I): In this case, image formation is achieved via one or more optical 
components (such as lenses and/or mirrors) which form the ‘re-imaging projection 
subsystem’. By way of example, in the early 1990’s, Kameyama and co-workers demonstrated 
two systems able to support the generation of ethereal volumetric images. These images were 
created by the translational motion of an active matrix display (see Section 9.2.1) and were 
then projected using the optical arrangement illustrated in Figure 7.7 [Kameyama et al. 1993, 
Kameyama and Ohtomi 1993, Blundell and Schwarz 2000, Blundell 2006]. In addition, a 
haptic probe was incorporated so enabling a user to interactively shape virtual surfaces. The 
pioneering work undertaken by Kameyama et al. retains importance, and their publications are 
recommended to the interested reader. 

Another possible approach is to use a ‘bi-convex’ mirror arrangement. As illustrated in 
Figure 7.8, the two parabolic mirrors project a real image of an object placed inside the 
optical system.6  

The use of optical components for the generation of an ethereal image space provides the 
opportunity for image magnification, thereby enabling a reduction in the volume of the 
primary image space (recall Figure 1.13). This approach offers to facilitate the development of 
more portable volumetric systems. 

 
2. Ethereal (Type II): In this scenario, the image space may be formed using a 3D particle 
cloud or plurality of non-solid planar screens which are stacked one behind the other. The 
former approach is briefly outlined in Section 9.3. The FogScreen® technology (see, Section 
7.4 and, for example, US Patent 6,819,487 B2)7 provides an excellent example of the 
formation of a planar image space using the laminar flow of particles able to scatter incident 

                                                
6 A desktop gadget using this principle is available, see http://www.optigone.com (last visited December 2010). 
Despite claims to the contrary, this does not operate on holographic principles! 
7 Also see US Patent 5,270,752. 
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light (look ahead to Figure 7.18). By stacking a set of such screens it is possible to form a 3D 
ethereal image space (although voxel positioning in the third dimension is likely to be 
subjected to significant quantisation error). For brief discussion on the implementation of this 
general form of display (particularly regarding the issue of activating voxels on each image 
plane) see Section 9.3. 

Of importance when characterising this type of image space is the degree to which the 
particles that give rise to the visible image impact on the user experience. At one end of this 
spectrum is the use of an odourless (water-based) ‘fog’, and at the other extreme a particle 
cloud based on phosphorescent materials and the like which may well be hazardous to health 
if inhaled. For further discussion on the ethereal form of image space see Section 7.4. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 7.7: A volumetric display system described by Kameyama et al. employing a ‘re-
imaging/projection subsystem’ by means of which the image is projected from physical 
to ethereal (type I) image space. (After Kameyama et al. [1993].) 

 

7.2.5 The Virtual Image Space  
Here, the image space appears to be located behind some form of optical component such as a 
transparent or mirrored surface (e.g. the formation of a virtual image by means of a 
converging mirror, as illustrated in Figure 7.9). If the presence of this surface excludes the 
operator from inserting a physical object into the image space, then we categorise this as a 
type I virtual image space. The varifocal form of display (see Section 9.4) can be configured to 
support this display modality. In contrast, in the case of a type II virtual image space, 
although the optical component is still present a user is able to reach around it and so insert 
physical objects into the image space. Here, we assume that the surface is transparent so 
enabling the interaction tool to remain visible to the user. The 3D system developed by 
Reachin Technologies (see Figure 7.11(a)) provides an example of this image space modality. 
 

7.3 PEPPER’S GHOST AND AUGMENTED REALITY 
‘Do not bother to sell your gas shares.  

The electric light has no future.’8 

 
Today’s augmented reality display technologies create environments in which real and virtual 
objects appear to coexist. This concept is by no means new and can be traced back to the 

                                                
8 Attributed to Professor John Henry Pepper in connection with Thomas Edison’s electric light. 
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1860’s when the so-called ‘Pepper’s Ghost’ illusion made its first sensational appearance on 
the London stage. This theatrical special effect sought to bring together the physical and 
‘supernatural’ worlds – creating spectres seemingly able to pass through physical objects such 
as walls and the like in a most realistic manner. Today, Pepper’s Ghost retains its relevance as 
its modern rendition is widely used at large concerts and other staged events.9 Furthermore, 
as will be outlined, the basic techniques devised some 150 years ago underpin at least one of 
today’s creative 3D display system technologies.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

 
Figure 7.8: A simple approach to the projection of a physical image into a type I 
ethereal image space. The optical system consists of two concave mirrors. The small 
plastic pig is actually resting on the lower concave mirror. These mirrors create an 
image of the pig which appears to be located just above the hole in the upper mirror. 
By suitably scaling the optical arrangement, it is possible to project a volumetric image 
into ethereal space. (See Section 9.3.1 and Blundell [2007] for further reference to this 
approach. Also see US patent Number 3,647,284 for details of the optical system.) 

 
Interestingly, Professor John Pepper was not the inventor of the illusion that has for so long 
borne his name and it appears that this idea was conceived by the less well-known engineer 
Henry Dircks.10 Central to the traditional form of the illusion is an angled glass plate arranged 
as illustrated in Figure 7.10. Light emanating from region A can pass straight through the 
plate, but light from region B is reflected by the glass (due to total internal reflection). From 
the perspective of a theatre audience, the actors who are located on the far side of the glass 
plate (region A) appear as normal. However, the brightly illuminated spectre located below 
the stage (region B) can also be seen as the plate reflects its image. In accord with a basic law 
of reflection in a plane mirror, the phantom’s virtual image appears to lie as far behind the 
glass plate as the physical phantom is in front of it. Consequently, to the audience, the 
phantom appears within the space occupied by the on-stage actors and as the actor moves 
beneath the stage, there is a corresponding motion of the virtual spectre!  

The Pepper’s Ghost illusion gives rise to a virtual image space and this basic concept is 

                                                
9 The basic optical technique is also used in the traditional Teleprompter (Autocue) system that was introduced 
in the 1950’s. 
10 However, it is possible that the illusion may have been used even earlier and its actual origins may be closely 
linked to techniques employed in connection with the Phantasmagoria (see Section 7.4).     
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exploited by a display system produced by Reachin Technologies.11 As illustrated in Figure 
7.11(a), images from a conventional 2D screen are reflected in a glass plate (or half-silvered 
mirror). The result is that the image scene appears to occupy an image space lying behind the 
glass. Typically, temporally-coded stereoscopic images are projected, with the user wearing 
glasses to resolve the stereo information. The space behind the glass plate is accessible to the 
user (by reaching around the plate), and so hands and interaction tools may coexist in the 
same space as the image (thus this corresponds to a type II virtual image space (recall Section 
7.2.5)). This approach supports the use of interaction tools which may be equipped to 
provide haptic feedback. Since a virtual image is created the presence of hands or interaction 
tools within the image space cannot cause inconsistent image occlusion. For further reading, 
see, for example, the informative article by Christopher Schmandt [1983], and also Mulder et 
al. [2003] (this latter publication focuses on the incorporation of head-tracking – and hence 
support for motion parallax).  

 
 
 
 
 
 
 
 
 
 

Figure 7.9: The use of a converging (concave) mirror to generate a virtual image. Here, 
a real object (O) is placed between the mirror and its focal point (f). The resulting image 
(I) is erect, magnified and virtual. An image space formed in this way would be said to 
represent a type I virtual space. The varifocal mirror technique discussed in Section 9.4 
provides an example of a display able to generate this form of image space (although it 
can also be configured to form an ethereal image space). 

 

In Figure 7.11(b) we illustrate a stereoscopic display configuration which is also based on the 
Pepper’s Ghost illusion. Dumbreck et al. [1990] employed this approach in connection with 
the evaluation of the use of stereoscopic imaging techniques for the remote handling of 
hazardous materials in toxic environments.  

A further example of a display technique that is essentially based on the Pepper’s Ghost 
illusion is produced by Musion® Systems Ltd.12 The key weakness of the original Pepper’s 
Ghost illusion was the need to employ a cumbersome and somewhat fragile glass plate (recall 

Figure 7.10). In contrast, Musion use a foil (‘Eyeliner’™) which is less than 100m in 
thickness and is easily transported in roll form. As with the Pepper’s Ghost illusion, this foil is 
set up on the stage to make standard (2D) images (generated by overhead video projection 
systems) and people within the projection pit (region B in Figure 7.10) simultaneously visible 
to the audience. From the perspective of the audience, both real and virtual entities appear to 
coexist on stage within a single 3D space. By employing a lightweight and flexible foil, 
Musion are able to make the Pepper’s Ghost illusion come to life on an impressive scale. For 
example, multiple lengths of foil (each measuring ~4m in width) can be suspended forming a 
stage ~11m in height. 

 

                                                
11 Reachin Technologies AB, Formansvagen 11, 117 43 Stockholm, Sweden. (http://www.reachin.se). (Last 
visited October 2010.)   
12 http://www.musion.co.uk (Last visited September 2010.) 
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Figure 7.10: Pepper’s Ghost – an early example of ‘augmented reality’. The presence 
of the angled glass plate does not hamper the audience’s view of the on-stage actors 
located in region A. However, the brightly illuminated ‘spectre’ (located in region B) is 
superimposed and appears to exist in region A. Thus, from an audience’s perspective, 
actors can do battle with the spectre – but as far as the actors are concerned, the 
spectre cannot be seen. In another embodiment, the glass plate may be angled so as to 
allow the physical phantom to be located towards the side of the stage. At least one 
commercial stereoscopic display with an integrated force feedback system employs this 
technique – see Figure 7.11. (Lower image reproduced from Low, A.M., ‘Popular 
Scientific Recreations’, Ward, Lock and Co. (1933).) 

 

7.4 PHANTASMAGORIA: AN ETHEREAL IMAGE SPACE 
Writing in 1784, the Prussian historian Johann Samuel Halle (1727-1810) provides us with the 
following brief description of an early Phantasmagoric experience: 
 

‘The supposed magus leads the assembly of the curious into a room whose floor is covered with a 
black cloth and in which is an altar painted black with two flaming torches and a skull or a 
funerary urn. The magus draws a circle in the sand around the table or altar and begs the 
spectators not to step outside the circle. He begins his conjuration by reading from a book and 
burns resiny mastic for good spirits, stinking things for bad. At a stroke the lights go out of 
themselves, with a loud detonation. At that moment, the conjured spirit appears, hanging in the 
air above the altar and the skull, so that it seems to wish to fly up into the sky or dive 
underground. The magus pierces the spirit several times with a sword, and it utters plaintive 
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cries. The spirit, which seems to arise from the skull in a light cloud, opens its mouth: the 
spectators then see the mouth of the skull open and they hear the words pronounced by the dead 
spirit, in a hoarse and terrible tone, when the magus asks it questions. 

Throughout the ceremony, lightning flashes in the room…they hear the terrifying noises of a 
storm and driving rain. Soon afterwards, the torches come back alight of themselves, while the 
spirit disappears, and its farewell sensibly shakes the body of the spectators…The magical 
performance comes to an end, and each seems to be asking his neighbour, with a lividly pale 
face, his opinion of this Plutonic interrogation…’ (Halle (1784) quoted in Mannoni 
[1996].) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

(a)      (b) 

 
Figure 7.11: In (a), a practical solution to the implementation of a display system 
supporting the direct interaction paradigm. Here, the image and interaction spaces are 
coincident. However, since the light from which the image is formed only appears to 
emanate from behind the glass plate (but does not in fact do so), the presence of the 
interaction device cannot interfere with image formation. This approach is used in the 
implementation of a 3D display and interaction system developed by Reachin 
Technologies. Diagram (b) provides a side-view of a stereoscopic display that also uses 
the Pepper’s Ghost effect. Here, the left and right-hand views of the stereopair are 
depicted on two display screens - one screen is vertical, and the other is horizontal. 
Each screen is overlaid with a polarising filter. Because of the presence of the tilted glass 
plate, the left and right-hand views are overlaid but since the user wears polarising 
glasses, each eye can see only one screen. This configuration was employed at Harwell 
Laboratory for an investigation into the remote handling of hazardous materials. (Figure 
7.11(a) adapted from Schmandt [1983] and (b) from Dumbreck et al. [1990].) 

 
In fact the Phantasmagoria provided a multi-sensory immersive experience in which the 
senses of sight, smell and hearing were assaulted with cues intended to shock and terrify. As 
discussed below, image projection was achieved using the Phantascope. This evolved from the 
magic lantern (see Figure 7.12) – many forms of which have been in use since the mid-
seventeenth century. In a diary entry dated 19th August 1666, Samuel Pepys writes: 
 

‘…He did also bring a lanthorn with pictures in glasse, to make strange things to appear on a 
wall, very pretty.’ (Quoted by John Barnes in Crompton et al. [1997].)    
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Figure 7.12: The upper 
illustrations show several magic 
lantern slides. Left, a lantern 
show provides a great source of 
entertainment. Until the 
introduction of the Argand lamp 
(~1784), early lanterns lacked 
the strong source of illumination 
needed to project large bright 
images. (Images reproduced by 
courtesy of Bill Hillman of 
Canada.) 
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Because of the lack of availability of suitably strong sources of illumination, the capabilities of 
the magic lantern were somewhat restricted (early lanterns simply used burning 
animal/vegetable oils, or tallow candles). The introduction of the Argand lamp13 (invented 
circa 1784) offered significantly greater light output thereby supporting the projection of 
better-illuminated images. This enabled magic lantern shows to be presented to larger 
audiences, but was still insufficient to allow a projector to operate over larger distances. 

However, in the decades prior to this advance, magic lanterns were frequently employed 
by travelling showmen who capitalised on ingrained superstition and morbidity. A key 
objective was to thrill and terrify. Poor image clarity coupled with deficiencies in the hand-
painted slides then in use was overshadowed by the dramatic ambience and surreal nature of 
the subject matter which supported audience immersion and the suspension of disbelief. By 
the early 1770’s magic lantern slides were being projected into clouds of smoke [Castle 1988] 
thereby creating ghostly images in space (the ethereal type II image space) which possessed an 
ephemeral three-dimensionality. Edme-Gilles Guyot may have been the first to experiment in 
this area. He employed a sheet of smoke emanating from a brazier onto which images were 
cast. Naturally, controlling the spread of the smoke was particularly challenging: 

 
‘…not only can the spectators’ eyes  not stand it for more than five to eight minutes, but the 
apparitions themselves soon disappear.’ [Funk 1783]         

 
In order to ensure that the magic lantern remained unseen by an audience, Halle (who was 
previously quoted at the beginning of this section) indicates that it was concealed in a tomb-
shaped box and images were projected into smoke at an oblique angle using a mirror 
arrangement. Naturally, this would have resulted in the vertical elongation of images and it is 
interesting to note that when creating slides, geometrical scaling was employed to counter this 
effect!14  

The experience described by Halle represents a precursor to the true phantasmagoria (see 
Figure 7.13) – vital to which was the ability of animated images to grow in size and so appear 
to advance towards the audience or recede until they became mere points of light – whilst at all 
times remaining in focus. In this context, Laurent Mannoni [1996] writes: 

 
‘Far from being a harmless detail, this innovation undermined the frame, the perspective and 
the scenic space of the projection… The combination of the moving lantern and the animated 
slide constituted an essential step forward in the history of ‘movement-related’ projection.’  

 
It was possible to introduce a degree of image animation through the relative motion of 
multiple overlaid slides each containing different image components. However, for this to be 
successful, artistic skill was needed in the creation of the slides and also some considerable 
dexterity on the part of the operator. Devising a system that would enable images to grow 
and shrink in size in a realistic manner (and at the same time ensuring that the spectators 
remained ignorant of the techniques employed) was even more challenging. A key ingredient 
was the adoption of a rear projection technique coupled with the use of a screen whose 
presence remained unknown to the audience. In this context, Laurent Mannoni [1996] quotes 
from a patent filed in 1799 by Etienne-Gaspard Robertson (of whom we will say a little more 
shortly): 
    

                                                
13 Invented by Ami Argand (1750-1803). 
14 Halle indicates: ‘…while the spirit disappears, and its farewell sensibly shakes the body of the spectators…’. He goes on to 
explain that this was a result of a brief electrical discharge applied to members of the audience by means of wires 
hidden in the floor (indeed a multi-sensory approach – which could perhaps be usefully employed in today’s 
lecture theatres…)! 
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‘I acquired a canvas three ells in breadth so it could be seamless, and to make it transparent I 
melted very clear virgin wax in which I immersed it when it was boiling; I immediately nailed it 
to the opening made in the partition and by bringing a vigorously burning brazier closer and 
closer I spread the wax; this gave my canvas the transparency I had long been seeking.’15 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 7.13(a): In the upper illustration, images are projected from behind the screen 
using a static projector. The lower illustration provides an evocative impression of the 
surreal nature of the Phantasmagoria experience. Notice the Phantascope (located on 
the left) which again projects images from behind the screen. (Original sources: upper 
image ‘Magasin Pittoresque’ [1849] and lower image ‘l’Optique’ by Fulgence Marion [1890]. 
Reproduced from Thomas Weynants’ Collection (see the ‘Early Visual Media’ website.) 

 

                                                
15 One ell corresponds to ~45 inches (although there were variations in its precise value). Thus 3 ells measures 
~4 yards. 
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Figure 7.13(b): A Flemish poster advertising a Phantasmagoria show to take place in 
Gent in 1831. (Location: ‘Parnassusberg’ Rhetoric room of Rederijkerskamer ‘De 
Fonteine’, Oude Houtlei, Gent.) This poster was recently located by Thomas Weynants 
at the University of Gent, Belgium. (Reproduced by permission.) 
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With the projector (Phantascope) tucked away in an unseen room located behind the screen it 
could be moved towards and away from the screen at will – thereby changing the size of the 
projected image. To facilitate this, the Phantascope was fitted with hardwood wheels which 
ran on two copper rails fixed to the floor. However, as the distance between Phantascope and 
screen was varied, there was a need to make a corresponding adjustment in the focal length 
of the optical arrangement. Furthermore, to enhance ‘realism’ it was also necessary to adjust 
the projected light output thereby ensuring, for example, that as the image was reduced in 
size (so giving the impression that the spectre was moving away from the audience), there 
was an appropriate diminution in brightness. Initially such adjustments were made manually, 
and this must have been taxing for the operator who had also to deal with image animation. 
 In his book ‘Letters On Natural Magic’ [1883], Sir David Brewster (previously mentioned 
in connection with the invention of the stereoscope) provides a first-hand description of the 
Phantasmagoria:    
 

‘The power of the magic lantern has been greatly extended by placing it on one side of the 
transparent screen of taffetas which receives the images while the spectators are placed on the 
other side, and by making every part of the glass sliders opaque, excepting the part which forms 
the figures. Hence all the figures appear luminous on a black ground, and produce a much 
greater effect with the same degree of illumination. An exhibition depending on these principles 
was brought out by M. Philipstal in 1802 under the name of the Phantasmagoria, and when 
it was shown in London and Edinburgh it produced the most impressive effects upon the 
spectators. The small theatre of exhibition was lighted only by one hanging lamp, the flame of 
which was drawn up into an opaque chimney or shade when the performance began. In this 
“darkness visible” the curtain rose, and displayed a cave with skeletons and other terrific 
figures in relief upon its walls. The flickering light was then drawn up beneath its shroud, and 
the spectators, in total darkness, found themselves in the middle of thunder and lightning. A 
thin transparent screen had, unknown to the spectators, been let down after the disappearance 
of the light, and upon it the flashes of lightning and all the subsequent appearances were 
represented. This screen being half-way between the spectators and the cave which was first 
shown, and being itself invisible, prevented the observers from having any idea of the real 
distance of the figures, and gave them the entire character of aerial pictures. The thunder and 
lightning were followed by the figures of ghosts, skeletons, and known individuals, whose eyes 
and mouth were made to move by the shifting of combined slider. After the first figure had been 
exhibited for a short time, it began to grow less and less, as if removed to a great distance, and 
at last vanished in a small cloud of light. Out of this same cloud the germ of another figure 
began to appear, and gradually grew larger and larger, and approached the spectators till it 
attained its perfect development. In this manner, the head of Dr. Franklin was transformed 
into a skull; figures which retired with the freshness of life came back in the form of skeletons, 
and the retiring skeletons returned in the drapery of flesh and blood.  
 The exhibition of these transmutations was followed by spectres, skeletons, and terrific 
figures, which, instead of receding and vanishing as before, suddenly advanced upon the 
spectators, becoming larger as they approached them, and finally vanished by appearing to sink 
into the ground. The effect of this part of the exhibition was naturally the most impressive. The 
spectators were not only surprised but agitated and many of them were of opinion that they 
could have touched the figures. M. Robertson, at Paris, introduced along with his pictures the 
direct shadows of living objects, which imitated coarsely the appearance of those objects in a 
dark night or in moonlight.’  

 
Brewster goes on to describe an automatic arrangement for varying the focal length of the 
Phantascope lens system and the brightness of the projected image: 
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 ‘Dr. Thomas Young suggested the arrangement shown in …[Figure 7.14] for exhibiting the 
phantasmagoria. The magic lantern is mounted on a small car II, which runs on wheels W W. 
The direct light of the lamp G, and that reflected from the mirror M, is condensed by the 
illuminating lenses C C, upon the transparent figures in the opaque sliders at E, and the image 
of these figures is formed at P Q, by the object lens D. When the car II is drawn back on its 
wheels, the rod I K brings down the point K, and, by means of the rod K L, pushes the lens D 
nearer to the sliders in E F, and when the car advances to P Q, the point K is raised, and the 
rod K L draws out the lens D from the slider, so that the image is always in the conjugate focus 
of D, and therefore distinctly painted on the screen. The rod K N must be equal in length to I 
K, and the point I must be twice the focal length of the lens D before the object, L being 
immediately under the focus of the lens. In order to diminish the brightness of the image when it 
grows small and appears remote, Dr. Young contrived that the support of the lens D should 
suffer a screen S to fall and intercept a part of the light. This method, however, has many 
disadvantages; and we are satisfied that the only way of producing a variation in the light 
corresponding to the variation in the size of the image, is to use a single illuminating lens C, 
and to cause it to approach E F, and throw less light upon the figures when D is removed from 
E F, and to make C recede from E F when D approaches to it. The lens C should therefore be 
placed in a mean position corresponding to a mean distance of the screen and to the ordinary 
size of the figures, and should have the power of being removed from the slider E F, when a 
greater intensity of light is required for the images when they are rendered gigantic, and of being 
brought close to E F when the images are made small. The size of the lens C ought of course to 
be such that the section of its cone of rays at E F is equal to the size of the figure on the slider 
when C is at its greatest distance from the slider.’  

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Figure 7.14: The method suggested by Thomas Young for ensuring that the projected 
image remains in focus as the Phantascope is moved closer to, or further away from, 
the screen. This employs mechanical linkages denoted IK, LK and KN. In ‘Letters On 
Natural Magic’, David Brewster suggests that the automatic focusing system should 
instead be driven by the Phantasmagoria’s wheels, thereby eliminating the linkage 
mechanism suggested here. (Reproduced from Brewster [1883].) 

 
Brewster also recognised the limitations of the mechanical linkage and suggests an alternative 
and more practical approach: 
 

‘The method recommended by Dr. Young for pulling out and pushing in the object lens D, as 
the lantern approaches to or recedes from the screen, is very ingenious and effective. It is, 
however, clumsy in itself, and the connexion of the levers with the screen, and their interposition 
between it and the lantern, must interfere with the operations of the exhibitor. It is, besides, 
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suited only to short distances between the screen and the lantern; for when that distance is 
considerable, as it must sometimes require to be, the levers K L, K I, K T would bend by the 
least strain, and become unfitted for their purpose. 

For these reasons, the mechanism which adjusts the lens D should be moved by the axle of 
the front wheels, the tube which contains the lens should be kept at its greatest distance from E 
F by a slender spring, and should be pressed to its proper distance by the action of a spiral cam 
suited to the optical relation between the two conjugate focal distances of the lens.’ 

 
Over the years, many people contributed to the development of the Phantasmagoric 
experience (which remained popular for most of nineteenth century). One key and somewhat 
mysterious player went by the pseudonym of Paul Philidor. It appears that in the late 
eighteenth century he was perhaps the first to develop the rear projection technique and 
move the lantern to enable images to grow and shrink in size. If so, he can be regarded as the 
first ‘Phantasmagorist’ and Laurent Mannoni [1996] provides an excellent account of 
Philidor’s talents in summoning forth (on request) images of recently departed loved ones.16  
 There is little mystery surrounding a second key player: Etienne-Gaspard Robert (1763-
1837). Re-branding himself as Etienne-Gaspard Robertson, the flamboyant scientist and 
balloonist gave his first Phantasmagoria17 performance in January 1798.  By all accounts, it 
was a resounding success. Soon requiring more space, by the end of the year he relocated his 
performance to the Convent of the Capuchines. In 1790, the revolutionists had driven out the 
twenty-four nuns living in this microcosm18 and the ancient slumbering cloisters rapidly fell 
on hard times (the crypt, within which rested the body of Louise de Lorraine, Queen of 
France, being used as a cesspit).  
 It was amid these degenerate and macabre surroundings that Robertson established his 
‘Fantasmagoria’. Mannoni [1996] writes: 
 

‘The spectator in search of shivers…Once he had gone through the high wall surrounding the 
Capuchines’ retreat, which was falling into dangerous decay, he had to find his way through a 
garden half sunk in darkness on this winter evening, and to avoid treading on tombstones…’ 

 
Thus Robertson sought to set his ‘Fantasmagoria’ within an environment which added to the 
surreal experience thereby reinforcing a spectator’s sense of immersion. Laurent Mannoni 
[1996] describes in some detail the life and times of Robertson along with the techniques 
employed in his performances. This is a fascinating history and, in addition, the interested 
reader is referred to Robertson’s patent (French Patent Number 109).  
 As for the Phantoscope itself, over the years it was refined and its capabilities extended. 
To provide an example of this technology, it is fitting to refer to the Phantascope discovered 
in 1990 in the attics of the Château de Moisse, Bétête. Situated in deeply rural French 
countryside, the sleepy village of Bétête lies only a few kilometres from where I am currently 
writing.  This Phantascope is shown in Figure 7.15, and in Figure 7.16 close-up images depict 
the automatic focus mechanism that is driven by the front wheels. Thomas Weynants (the 
present owner of the Phantascope) provides a vivid description of the effect of changing the 
size of the projected image: 
 

‘By increasing the distance between screen and Fantascope during complete darkness, the result 
is the illusion of an approaching projected image. The ghost appears to be assaulting the 

                                                
16 Naturally, he was unable to respond spontaneously to requests from inconsolable lovers or grieving widows. 
Rather, he required a few days notice – sufficient time to procure a portrait and perhaps create a likeness on a 
glass slide ready for insertion into his Phantascope…  
17 Using the French name ‘Fantasmagoria’.  
18 The French Revolution spanned the years 1789-1799. 
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audience! The illusion is enhanced because of the darkness. In this way the screen is invisible 
and no other reference frames, such as walls or doors, are noticeable. In this distorted situation 
a large image creates the virtual reality experience of an impending and near-at-hand screen, 
while a small image gives the impression of this ‘virtual screen/ghost’ being further away! 
Because the painted ghostly figure on the slide is surrounded by opaque black paint, the virtual 
screen and the ghost appear as one and the same due to the pitch black room. It really looks as 
if the ghosts are floating in space!’ (Thomas Weynants in Crompton et al. (Eds.) 
[1997].) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Naturally the effect is greatly enhanced by the projection of ‘ombre blanche’ (white shadow) 
images. In near total darkness, the lack of cues to depth causes visual disorientation leaving 
the audience with little (if any) information as to the absolute distance of the image. Thus 
despite the visible image being physically cast onto a screen, in essence a form of ethereal 
image space is created. This seems to be within a spectator’s reach – recall the remark made 
by Sir David Brewster and which was quoted above: 

 
‘The spectators were not only surprised but agitated and many of them were of opinion that they 
could have touched the figures.’   

 
The ‘Moisse’ Phantascope was found with optical systems designed to support both the 
projection of slides (the Phantascope mode of operation) and the projection of images of 3D 
objects. In this latter respect, it is able to operate as a Megascope19 whereby an upright image 
of an illuminated inverted object is formed.20 The object to be displayed is placed within the 
main housing of the Phantascope/Megascope and the projected image is formed by means of 
a 15cm (diameter) bi-convex lens. For further discussion on the Moisse Phantascope/ 
Megascope see Thomas Weynants writing in Crompton et al. (Eds.) [1997] and also the ‘Early 
Visual Media’ website21 which is a wide-ranging and invaluable resource.  

                                                
19 Also known as the Episcope. 
20 In terms of inversion, the Megascope effectively acts as a Camera Obscura in reverse. 
21 http://www.visual_media.be (Last visited December 2010.) 

Figure 7.15: The Phantascope discovered at the Château de 
Moisse, Bétête, La Creuse, France. (Photograph kindly 
supplied by Thomas Weynants and reproduced by 
permission. Copyright © Thomas Weynants 2010.) 

 

 

http://www.visual_media.be/
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Figure 7.16: The Phantascope discovered at the Château de Moisse, La Creuse, France. 
Left: The interchangeable optical tubes together with the mechanism that operates the 
automatic focusing system. This is intended to ensure that as the Phantascope is moved 
towards or away from the screen (in order to alter the image size), the projected image 
remains in focus. Right: A closer view of the mechanism. (Photographs kindly 
supplied by Thomas Weynants and reproduced by permission. Copyright © Thomas 
Weynants 2010.) 

 
Professor A.M. Low briefly discusses the projection of images into barium oxide powder 
using ultra-violet, rather than visible light. He writes: 
 

‘A more modern version…is a ghost that walks amongst the audience but disappears as soon 
as the lights go up. For this experiment barium oxide dust has to be introduced into the room. 
The dust has the peculiar property of shining brightly in ultra-violet rays and of being invisible 
in ordinary dull white light. From a hidden lantern the image of a ghost is thrown into the 
darkened room by ultra-violet light and brilliantly shown up by the barium oxide dust.’22 
[Low 1933] 

 

                                                
22 However, clearly the inhalation of barium oxide powder is extremely hazardous and should to be avoided. 
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Without doubt, the Phantasmagoria provided an immersive multi-sensory environment in 
which audiences were thrilled by the vivid depiction of surreal and generally macabre images. 
Phantasmagorists such as Etienne-Gaspard Robertson quickly learnt how to create 
environments that cultivated, and capitalised on, the ‘suspension of disbelief’. By presenting 
the Phantasmagoria in the Convent of the Capuchines he promoted spectator immersion – to 
such an extent that minor imperfections in content are likely to have generally passed 
unnoticed. However, to observant and more technically informed viewers, imperfections 
would no doubt have been more evident. For example, David Brewster writes: 
 

‘Superior as the representations of the phantasmagoria are to those of the magic lantern, they 
are still liable to the defect which we have mentioned, namely, the necessary imperfection of the 
minute transparent figures when magnified. This defect cannot be remedied by employing the 
most skilful artists. Even Michael Angelo would have failed in executing a figure an inch long 
with transparent varnishes, when all its imperfections were to be magnified.’ [Brewster 1883] 

 
Figure 7.17 shows the creation of a more recent ethereal image. Although the photograph 
captures only the pictorial cues to depth (the oculomotor and parallax cues are not preserved 
by conventional photography), the image is captivating and its three-dimensionality is 
strikingly evident. 
 Despite the passage of time, little has changed in the human quest to experience fully 
immersive adrenaline pumping events. In contrast, the technologies now at our disposal have 
little in common with the rudimentary projection systems used in the eighteenth and 
nineteenth centuries. DLP projectors continue to open up new opportunities in image 
formation and in this context the FogScreen system - which we have previously alluded to - 
provides a sound example (see US Patent 6,819,487 B2).23 This employs DLP technology to 
project images onto an invisible screen formed using a ‘dry fog’.  

Several exemplar images depicted on a FogScreen system are presented in Figure 7.18. 
The screen is formed from a water-based fog that is injected into a non-turbulent airflow. 
This is intended to contain the fog and so maintain a planar screen geometry.24 Typically the 
screen is formed using an overhead structure.25 Of course, over distance, the smooth flow 
gradually breaks down (at the time of writing, the FogScreen® eZ projection screen measures 
0.8m in width and 1.5m in height).  

The US Patent cited above describes screens formed from particles which simply scatter 
incident light (such as a water-based fog) or that respond to non-visible radiation through the 
emission of visible light of a particular colour.  
 

‘When non-elastically scattering, the image formed on the projection screen is in principle 
monochromatic, the colour being dependent on the properties of the scattering centres and the 
wavelength of light transmitted by a projector used for their activation. If the aim is to form 
coloured images, scattering centres that are comprised of multiple different materials and scatter 
light in different non-elastic manners must be used, a separate partial image being projected for 
each scattering centre using a suitably selected radiation of exciting wavelength. 

 
 
 
 
 

                                                
23 Also see brief discussion of the ‘Interactive FogScreen’ presented in Rakkolainen et al. [2005]. 
24 Recall that a key problem concerning image projection into smoke for the Phantasmagoria was its 
containment. In contrast, the FogScreen system simply employs moisture.  
25 Although other configurations could be adopted. 
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Figure 7.17: Mike Bartley demonstrating Robertson’s projection onto smoke of the 
head of Danton. Re-creation by Bartley’s Magic Lanterns for Pierre Levie’s film on 
Robertson. (Reproduced by kind permission of Janet Tamblyn.) 
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In projection screens using elastic scattering and being formed of fog or the like, the actual 
projection screen tends to become always visible, at least to some extent, due to the normal 
lightning of the environment or other diffused illumination directed to the projection screen or 
scattering/reflecting therefrom. In those embodiments of the invention that are based on non-
elastic scattering, the use of suitable scattering centres, for example, gas molecules, makes it 
possible to arrange the projection screen in the normal prevailing light of the surrounding area 
to be substantially transparent, in other words invisible to the observer, because the light 
originating from the above-mentioned light sources is not applicable for activating the scattering 
centres. This makes it possible also to form multiple projection screens adjacent to each other 
in the direction of flow in a manner that the image formed in a certain projection screen is 
observed through adjacent projection screens. By selecting the scattering centres for each adjacent 
projection screen in a manner that different wavelengths and different projectors/light sources 
are used for their activation, it is possible to form a different image for said different projection 
screens and thus to achieve a three-dimensional effect. By elaborating this above-mentioned 
principle still further three-dimensional projection volumes can be formed.’ 26  

 

In essence, the non-elastic scattering process referred to here parallels the underlying 
technique described by Professor A.M. Low and which was quoted above in connection with 
the use of barium oxide powder. However, several serious problems must be addressed in 
order to enable the formation of such a 3D ethereal (type II) image space. These include: 
 
1. Specificity: The identification and use of image element generation and activation 
subsystems (recall Section 1.7) that are suitably specific. This is necessary to ensure that only 
centres in the target depth plane are stimulated by the illuminating radiation. Increasing the 
number of depth planes requires a corresponding increase in specificity. 
 
2. Efficiency: The identification and use of image element generation and activation 
subsystems that are sufficiently efficient and are thereby able to produce adequate light 
output. 
 
3. Operation: The identification and use of an image element generation subsystem able to 
operate under normal atmospheric conditions. 
 
4. Toxicity: The identification and use of image element generation and activation 
subsystems which pose no threat to users of the system. Thus, for example, any particle based 
material or gas used in the implementation of such a 3D ethereal image space must pose no 
threat to health when inhaled.  
 

In Section 9.3 we briefly continue discussion on the implementation of a type II ethereal 
image space and in subsequent volumes of this work we consider this general approach in 
more depth.  
 
 

 

 

 

 

 

 

                                                
26 For clarity numerical labels contained in the original patent and which refer to elements included in diagrams 
have been removed. 



266  3D Displays and Spatial Interaction        Barry G Blundell 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 
7.5 DISCUSSION 

‘I know that during the long and racking march of thirty-six hours  
over the unnamed mountains and glaciers of South Georgia, 

 it seemed to me often that we were four, not three.’27 

  

In this chapter we have proposed various types of image space and have especially 
emphasised issues relating to the ability of the image space to support ‘direct’ interaction by 

                                                
27 Ernest Shackleton, ‘South: The Endurance Expedition’, Penguin Classics [2004]. 

 

 

 

Figure 7.18: Exemplar images 
depicted on a FogScreen display. In 
the upper and lower photographs, the 
ethereal nature of the screen is 
particularly evident. This display 
paradigm is fundamentally based on 
principles employed in the 
Phantasmagoria during the eighteenth 
and nineteenth centuries. (Images 
kindly supplied by and reproduced by 
permission of FogScreen® Inc. 
Copyright © FogScreen 2010.) 
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means of some form of physical pointing device. For some applications this interaction 
modality may be unnecessary, whereas in other situations pointer-based interaction coupled 
with support for haptic (force) feedback offers to significantly advance the interaction 
process. 

However, even in the case that we are able to insert a physical interaction device into the 
image space (in such a way that the interaction tool remains directly visible), it is also 
necessary to consider any impact that the presence of the device may have on image 
formation - together with any possible secondary effects. In the case of the former, the 
presence of the device may, for example, occlude portions of the image which lie between the 
tool and observer and also cause the formation of a stereoscopic ‘umbra’. In relation to 
secondary effects, the interaction device may, for example, lead to visible (and often 
distorted) reflections in optical components. By way of simple example, consider the use of a 
varifocal display (see Section 9.4) for the formation of a type I ethereal image space located 
between the mirror and observer. In this scenario although the interaction tool may enter the 
physical space in which the image scene appears to be located, the presence of the varifocal 
mirror can cause the formation of a distorted (and typically magnified) view of the interaction 
tool.  

As discussed, theatrical techniques devised in the eighteenth and nineteenth centuries 
form the basis for several of today’s creative display systems. Here, for example, the Pepper’s 
(Dirck’s) ghost illusion is employed by the display paradigms produced by Reachin 
Technologies and Musion Systems Ltd. As for the Phantascope, it represents a precursor to 
various current approaches to the formation of the type II ethereal image space. In contrast, 
the Megascope28 is more closely aligned with the type I ethereal space – and here, for 
completeness, it is perhaps appropriate to mention a further nineteenth century optical 
arrangement that is in essence a giant form of Megascope. This was proposed by Sir David 
Brewster who, when last quoted above, was observing that imperfections in Phantascope 
slides became more visible when projected in enlarged form. He goes on to suggest an optical 
device which he refers to as the Catadioptrical Phantasmagoria (see Figure 7.19).29 He writes:    
 

‘In order, therefore, to perfect the art of representing phantasms, the objects must be living ones, 
and in place of chalky ill-drawn figures mimicking humanity by the most absurd gesticulations, 
we shall have phantasms of the most perfect delineation, clothed in real drapery, and displaying 
all the movements of life. The apparatus by which such objects may be used may be called the 
catadioptrical phantasmagoria, as it operates both by reflection and refraction. 

The combination of mirrors and lenses which seems best adapted for this purpose is shown 
in [See Figure 7.19], where A B is a living figure placed before a large concave mirror M N, 
by means of which a diminished and inverted image of it is formed at a b. If P Q is the 
transparent screen upon which the image is to be shown to the spectators on the right hand of it, 
a large lens L L must be so placed before the image a b as to form a distinct and erect picture 
of it at A' B' upon the screen. When the image A' B' is required to be the exact size of A B, 
the lens L L must magnify the small image a b as much as the mirror M N diminishes the 
figure A B. The living object A B, the mirror M N, and the lens L L, must all be placed in a 
moveable car for the purpose of producing the variations in the size of the phantasms, and the 
transformations of one figure into another. The contrivance for adjusting the lens L L to give a 
distinct picture at different distances of the screen will of course be required in the present 

                                                
28 Thomas Weynants comments that one of the earliest references to projection using the Megascope technique 
was made in 1756 by Leonard Euler (1707-1783). The application of this technique to the Phantasmagoria was 
inspired by Jacques Alexandre César Charles (1746-1823). (T.Weynants in Crompton et al. (Eds.) [1997].) 
29 Noble [1987] provides brief discussion on a simple optical system for the projection of images into an ethereal 
form of image space. 
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apparatus. In order to give full effect to the phantasms, the living objects at A B will require to 
be illuminated in the strongest manner, and should always be dressed either in white or in very 
luminous colours, and in order to give them relief a black cloth should be stretched at some 
distance behind them. Many interesting effects might also be produced by introducing at A B 
fine paintings and busts.’  [Brewster 1883] 

 
The projection of images into particle clouds (the type II ethereal image space scenario) 
offers many exciting opportunities and the ephemeral effects that occur as the local density of 
scattering centres continually shifts can give rise to a rather surreal display experience (and 
may reinforce the perception of image three-dimensionality). One striking and long known 
natural instance of this is commonly referred to as the Brocken Spectre phenomenon. Its 
modern rendition is sometimes disconcertingly encountered when standing before the 
headlights of a car on a foggy evening. This causes one’s shadow to be projected into the fog 
and even when standing completely still the ethereal image will continually be subjected to 
slight perturbations. Readers who have spent many tedious hours gazing through aircraft 
windows on long haul flights are also likely to have observed the effect – the shadow of the 
plane being projected onto clouds below – often surrounded by the captivating ‘glory’ (see 
Figure 7.20).  Interestingly, this phenomenon is named after the highest summit in the Hartz 
Mountains (Germany). Samuel Goodrich [1851] writes: 
 

‘…One of the most remarkable of these, has long been known by the name of ‘The Spectre of 
the Brocken’. The Brocken is the loftiest summit of the Hartz Mountains in Germany; it is 
said to be 3,300 feet above the level of the sea, and to command the prospect of a tract of land 
which is inhabited by more than five millions of people. 

It appears that clouds are wont at times to collect on the neighbouring heights, and, from 
some cause or other, which perhaps we shall never perfectly know, reflect a very distinct shadow 
of great size of whatever object may be on the summit of the Brocken, when the sun is rising 
and casts his beams horizontally.’ 

 
This description is continued in the footnote below.30  

                                                
30

 ‘The best account of this wonderful spectacle is given by the Abbe Hauy, who visited it in 1797, and I shall give you his own 
statement. 

‘After having been here for the thirtieth time,” says Mons. Hauy, ‘I was at length so fortunate as to have the pleasure of seeing 
the Spectre. The sun rose about four o’clock, and the atmosphere being quite serene towards the east, his rays could pass without any 
obstruction over the Heinrichshohe*. In the south-west, however, towards Achtermanshohe* [* two others of the Hartz Mountains] 
a brisk west wind carried before it thin transparent vapours, which were not yet condensed into thick heavy clouds. About a quarter 
past four I went towards the inn, and looked round to see whether the atmosphere would permit me to have a free prospect to the 
south-west, when I observed, at a very great distance towards Achtermanshohe, a human figure of monstrous size. A violent gust of 
wind having almost carried away my hat, I clapped my hand to it by moving my arm towards my head, and the colossal figure did 
the same. The pleasure which I felt on this discovery can hardly be described, for I had already walked many a weary step in the 
hopes of seeing this shadowy image, without being able to gratify my curiosity. I immediately made another movement by ending my 
body and the colossal figure before me repeated it. I was desirous of doing the same thing once more; but my colossus had vanished: I 
remained in the same position, waiting to see whether it would return, and in a few minutes it again made its appearance on the 
Achtermanshohe. I paid my respects to it a second time, and it did the same to me. I then called the landlord of the Brocken Inn; 
and having both taken the same position which I had taken alone, we looked towards the Achtermanshohe, but saw nothing. We 
had not, however, stood long, when two such colossal figures were formed over the above eminence, which repeated our compliments by 
bending their bodies as we did; after which they vanished. We retained our position, kept our eyes fixed on the same spot, and in a 
little time the two figures again stood before us, and were joined by a third’ (most likely by the double reflection of one o f the 
spectators). ‘Every movement that we made by bending our bodies, these figures imitated; but with this difference, that the 
phenomenon was sometimes weak and faint, sometimes strong and well defined’. 

There are some remarkable circumstances attending the Brocken, that are doubtless in some degree connected with ‘The 
Spectre’, which was once looked upon as a supernatural apparition. When Christianity was introduced into Germany, the priests 
and votaries of the old superstition, retired to the Brocken as a refuge, and there long kept up the dark and mysterious rites of the 
great Saxon idol, Cortho. It is a very wild place, full of clefts and caverns, and with rivulets and waterfalls on all sides of it, so that 
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it would answer their purpose remarkably well. After the inhabitants had taken up the profession of Christianity they used to 
celebrate on this mountain a festival on Midsummer night, in honour of St. Walpurgis, a female saint, who had first introduced 
Christianity among them. A legend then prevailed, that the summit of the mountain was occasionally haunted by a demon, which 
could have been no other than the Spectre. Every thing about the mountain was looked upon with awe and veneration. A beautiful 
spring which runs down its side, is at this day called the Magic Spring; a pretty little lily that abounds on the Mountain, is called the 
Wizard’s Flower; and two great square granite rocks are called the Wizard’s Chair. These names may be looked upon as 
monuments of the estimation in which the mountain was once held.  

While you ought, my young friends, to feel happy and grateful in being taught what these natural things really are, and released 
from all superstitious fears or notions respecting them; you should be most careful not to forget what you owe to a purer faith, of which 
the character is to invite you to inquire into, and to know every thing within your reach.’  

 

 

 

 

Figure 7.20: The Brocken Spectre. Above: As seen from 
aircraft. The shadow of the plane is cast onto water vapour 
(an ethereal type II form of image space) and is surrounded 
by a ‘glory’. Left: A human shadow cast into fog. (Upper left 
image taken from a Caravelle over France in the 1960’s and 
attributed to Adrian Pingstone.) 

 

 

 
Figure 7.19: The Catadioptrical 
Phantasmagoria proposed by Sir 
David Brewster for the projection of 
the images of physical people. 
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An eloquently crafted patent filed in France by Albert Charbonneau and Gaston Vincent in 
1911 (French Patent 429,860) outlines an image projection technique which employs a screen 
formed using water vapour (see Figure 7.21). The inventors allude to the similarity of this 
approach to the Brocken Spectre phenomenon. They write: 

 
‘Under these conditions a phenomenon is produced that is identical to that which we know as 
the ‘Brocken Spectre’, which may be seen in foggy conditions on the summits of high mountains. 

Water vapour is particularly suitable for use as a screen but if the circumstances permitted 
other vapours, gas, dusts etc, could be used to the same effect.’ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
In the introduction to this chapter we suggested that the development of techniques used in 
both the Pepper’s Ghost illusion and Phantasmagoria was driven by a desire to excite, thrill 
and entertain.31 Today, entertainment is also the primary driving force behind the 
development of creative 3D display and interaction systems. Computer-based games, cinema, 
and the like provide the immersive and thrilling environments that our ancestors associated 
with spectacles such as the Phantasmagoria. As with these early forms of entertainment, it is 
vital that we endeavour to catalyse and build upon the recipient’s own sense of imagination 
and that we do not attempt to circumvent the inclusion of this powerful human attribute by 
introducing ever greater levels of realism. In this general context, Frederick P. Brooks 
[Burdea 1996] writes: 
 

‘We often dream of achieving such technological virtuosity that our travellers in virtual worlds 
will no longer need imagination. That dream is, I think, the illusionist’s own illusion: we shall 
never achieve it, and if we did, we should be immeasurably impoverished by our loss.’  

                                                
31 Unfortunately - for this edition of the text - it has not been possible to carry out research into any similar 
forms of illusionary entertainment that were developed and used by non-European cultures. The author would 
be most pleased to hear from any readers able to assist in this area. 

 

Figure 7.21: A patent filed by Albert Charbonneau 
and Gaston Vincent in 1911 outlines the projection of 
images onto a screen formed using water vapour. This 
represents a precursor to current techniques which 
employ particle-based ethereal screens - such as those 
manufactured by FogScreen Inc. (recall Figure 7.18). 
Here, the water particles are projected upwards which 
is clearly a non-optimal configuration. (Diagram 
reproduced from French Patent 429,860.) 



 

 

   
 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

8.1 INTRODUCTION 

In Section 6.2, we identified two general classes of autostereoscopic display (recall Table 6.1). 
Those in the first category (class I) are assumed to be fundamentally based on the extension 
of the principles of stereoscopic image depiction, and provide support for motion parallax (at 
least in the horizontal direction - and possibly also vertically). Further, since such systems are 
based on stereoscopic techniques it is assumed that the oculomotor cues of accommodation 
and convergence are not supported in a natural manner. In this chapter we review some of 
the general techniques that may be used in the implementation of this class of 
autostereoscopic display system; various class II systems are considered in Chapter 9.  

The techniques described in the following pages exhibit a broad range of visual 
characteristics, and vary in their computational requirements. They range from readily 
portable technologies through to essentially fixed installations and have the potential to 
support numerous interaction opportunities. By describing a number of these display 
paradigms within the context of a single chapter we hope to provide the reader with a clear 
insight into their diversity. As we work through various approaches (and our selection of 
techniques is simply intended to be indicative), we identify particular strengths and 
weaknesses and emphasise aspects that must be carefully considered during the design phase. 

In the next section we discuss several multiview techniques by which spatially coded 
stereoscopic views are depicted. This approach offers a limited degree of ‘look-around’ 
capability - supporting the motion parallax cue to depth without recourse to viewing glasses. 
We specifically consider three general multiview paradigms: static, active and dynamic barrier-
based systems. Multiview image depiction techniques have a long and fascinating history and 
are currently attracting a great deal of research interest. Key driving forces include not only 
the ability of this general class of display to provide a 2D/3D desktop environment but also 
(and most importantly) their suitability for use in both mobile device applications and large-
scale immersive environments.  

8 AUTOSTEREOSCOPIC:  CLASS I  

‘Then rose the dumb old servitor, and the dead, 
Oar'd by the dumb, went upward with the flood - 
In her right hand the lily, in her left 
The letter - all her bright hair streaming down - 
And all the coverlid was cloth of gold 
Drawn to her waist and she herself in white 
All but her face, and that clear-featured face 
Was lovely, for she did not seem as dead, 
But fast asleep, and lay as tho' she smiled.’ 
 
 
 
 
 
 
 
 
.’ 
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In Section 8.3 we discuss various virtual reality techniques (including personal (head-
mounted) and room-based systems) together with augmented (or mixed) reality systems that 
explicitly mix real and virtual entities.  

In the pages that follow we occasionally allude to the computational requirements 
associated with particular techniques. However, we do this loosely and simply focus on the 
rate at which pixels must be rendered. Although this provides a useful indicator, it is clearly 
important to remember that aspects of the computational requirements of some systems may 
lend themselves (to a greater or lesser extent) to parallel computation. Consequently, for 
example, two systems having the same computational cost may be quite dissimilar in terms of 
their ability to make efficient use of parallel processing facilities, and naturally this impacts on 
the actual speed at which image scenes may be rendered.  

For general discussion on autostereoscopic displays see, for example Travis [1997], 
Okoshi [1980], Lipton [1992], and Deering [1992]. Ellis [1991] provides a wide-ranging review 
and for the most part his essay continues to retain its relevance. In connection with the varied 
uses of DLP projector technologies see, for example, McDowall and Bolas [2002]. 
Balasubramonian et al. [1981] is of historical interest – the authors write: 

 
‘In TV systems the hot topic of research of the day is to provide a compatible 3D TV system 
without modifying existing 2D TV standards. Since the third dimension is lost in the existing 
2D TV systems, the depth of the image cannot be perceived and there appears to be no life in 
the image. In this context a few proposals have already been put forth, and the problems 
mentioned in those schemes must be overcome…’ 

 
Plus ça change… Sheat et al. [1992] also provide interesting historical discussion. Bimber and 
Raskar [2003] provide a sound review of various 3D paradigms and particularly focus on 
augmented reality techniques. Also see the highly informative discussion on 3D displays 
provided by Siegmund Pastoor and Christos Conomis writing in Schreer et al. (eds.) [2005]. 
Other selected references are cited in the text. 
  

8.2 MULTIVIEW SYSTEMS 

‘Philosophy is like the mother who gave birth to and endowed 
all the other sciences. Therefore, one should not scorn her 

in her nakedness and poverty, but should hope, rather, that 
part of her Don Quixote ideal will live on in her 

children so that they do not sink into philistinism.’1 

 
A popular class of 3D display techniques makes use of a static mask or optical element placed 
in front of a flat screen display to provide a single, or multiple, views of a 3D scene. When 
each eye falls into a different ‘viewing zone’ binocular parallax is satisfied and the user 
perceives a stereoscopic image without the need for glasses or headgear. In the case that more 
than two views are supported the view-point changes with lateral head position (thereby 
enabling a limited degree of motion parallax – ‘look around’ capability). Since these 
techniques generate spatially separate viewing zones, they are characterised here as 
representing spatially coded displays. A vertically striped mask (parallax barrier), sheet of 
cylindrical lenses (lenticular sheet (recall Figure 6.26)) or array of convex lenses (integral lens 
sheet) may, for example, be used in the implementation of such displays, with these 
representing the re-imaging/projection subsystem introduced in Section 1.7. 2 

                                                
1 Attributed to Albert Einstein, 1932. Quoted from P.S. Churchland, Neurophilosophy [1989]. 
2 See, for example Matusik and Pfister [2004] who discuss in some detail an image capture system together with 
a lenticular-based display. Isono et al. [1992, 1993] describe a 50-inch lenticular display system. Börner [1987]… 
…provides discussion on a lenticular system for image capture and display. 
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8.2.1 The Parallax Barrier Technique 

It is useful to begin by identifying three general types of parallax barrier. These are 
summarised in Figure 8.1 and in the text that follows will be referred to as ‘static’, ‘active’ and 
‘dynamic’ forms of barrier.  

The principle of the parallax barrier approach3 is illustrated in Figure 8.2. A mask of thin 
vertical strips is positioned in front of a conventional flat-screen display. The two are aligned 
so that from each of several specified viewing zones in front of the screen, only a specific 
subset of pixel columns is seen - the barrier blocks the light from the others. In this way, 
different perspective views of a 3D scene can be calculated and depicted in the appropriate 
pixel columns corresponding to that view. The number of views can vary from two, 
providing a simple stereoscopic display, to many more, thereby forming an autostereoscopic 
display with a degree of ‘look-around’ capability. This latter approach creates specific viewing 
zones in front of the display (corresponding to each of the different views onto the image 
scene) and at any instant the user is able to observe a particular view with the left and right 
images comprising the stereopair being visible to the appropriate eye. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

Figure 8.1: It is convenient to distinguish between three general types of parallax 
barrier. In the case of the static form of barrier, its physical and optical properties are 
set at the time of manufacture and subsequent adjustment is not possible. The active 
form of barrier is assumed to be able to exhibit two different states; one when the 
display is used in a 2D mode and the other when operated in 3D. The physical/optical 
characteristics of the dynamic form of barrier are assumed to exhibit considerable 
flexibility and can be ‘continuously’ adjusted.  

 
Figure 8.3 provides a simplified view of the basic geometry governing the 2D screen, the 
barrier, and ray paths to the left and right eye. The distance between adjacent dark strips 
(pitch) of the barrier is such that from each of the two viewing zones the correct pixel 
columns are seen. Examination of similar triangles shown in the diagram yields an indicative 
relationship relating barrier pitch (b), pixel pitch (p), viewing distance (z), and the spacing (x) 
between the screen and the barrier, such that: 
 

 
 

                                                
3 The parallax barrier technique was originally devised for two views by F.E. Ives in 1903, and extended to 
multiple views by Kanolt in 1918. 
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Figure 8.2: The general principle of operation of the parallax barrier technique for 
providing spatially-coded stereoscopic views. The configuration illustrated here provides 
a single view onto the image scene. The two views that comprise the stereopair are 
interleaved in alternating columns of pixels on a flat screen display, and the barrier 
(representing the re-imaging/projection subsystem introduced in Section 1.7) ensures 
that from the correct viewing zones each eye sees only the corresponding (designated) 
view. The two quadrilaterals indicated by the thicker blue lines denote the viewing 
window (‘sweet-spot’ regions) within which stereoscopic vision is fully supported. For 
example, in the case of the upper region all right-eye pixel columns are simultaneously 
visible to the right eye. Note that the viewing windows repeat themselves on either side 
of the central viewing position. Consequently, if the viewer moves to the right or left 
(away from the central viewing position (upwards or downwards in the diagram)), 
he/she may perceive the pseudoscopic image. Because of the formation of several 
viewing windows this type of display may, in principle, be used by more than one viewer 
– although only one observer will perceive the optimal view.    
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This suggests that the barrier pitch should be slightly less than twice the spacing between 
pixel columns. The term within the bracket is commonly referred to as the view point 

Furthest pixel column 
to the right 

Fragments of the 
parallax barrier 

Right eye 

Left eye 

Display screen 
(alternating pixel 

columns) 

Furthest pixel column 
to the left 

Plan View 

Left eye pixel 
column 

Right eye 
pixel column 

2w 



Chapter Eight  •  Autostereoscopic: Class I                                                                                                275 

 

 

 

correction and naturally this arises because of the finite spacing between the pixel plane and 
parallax barrier. Again referring to Figure 8.3, and on the basis of similar triangles, we can 
obtain an expression for the viewing distance (z): 
 

.
p

wx
z       (8.2) 

 
The distance w is typically set to the average separation of the two eyes (~65mm) – thereby 
offering the optimum freedom of movement. Assuming a pixel pitch (p) of ~0.1mm and a 
spacing between the pixel elements and barrier (x) of ~0.6mm yields a viewing distance of 
approximately 39cm. This is in line with the typical viewing distance employed in traditional 
2D desktop applications.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 8.3: The basic geometry associated with a parallax barrier. See text for 
discussion.  

 
The viewing windows indicated in Figure 8.2 repeat themselves on either side of the central 
viewing position. Consequently, if a viewer moves to the right or left of this location 
(upwards or downwards in the diagram), they may experience the pseudoscopic image.4 Eq. 
8.1 can be generalised to represent a static barrier that is used to form Nv views onto a 3D 
scene. In this case: 
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The barrier slits should be sufficiently narrow so as not to be observable. Recall Section 2.5.2 

                                                
4 Recall from previous discussion that the reversal of the images that comprise a stereopair does not in itself 
guarantee that the pseudoscopic image will be observed. Other (pictorial) cues may well compensate for, and 
override, the reversal of the binocular parallax cue (recall Figures 6.7 and 6.8). 

Display screen 

Parallax barrier 

z x 

b 

p 

w 

Plan View 



276  3D Displays and Spatial Interaction             Barry G Blundell 
 

 

where we indicate that the detection acuity for ‘normal’ vision is on the order of 1´.5 Thus we 
require: 
 

,)120/1tan(2  zb  

 
and so (approximately): 
 

,
3400

z
b       (8.4) 

 
where, as indicated in Figure 8.3, z represents the viewing distance. This suggests that for a 
viewing distance of 1m, the barrier pitch should be no greater than ~0.3mm. Naturally, if the 
optimal viewing distance is reduced there is a corresponding reduction in this value. 
Assuming that the slit width accounts for one-tenth of the barrier pitch, then a 1m viewing 

distance results in a slit width of ~3m. This is close to the wavelength of visible light and 
any further reduction in slit width will be accompanied by increased diffraction, possibly 
leading to undesirable cross-talk. However, optimising the cross-sectional profile of the 
barrier strips can significantly ameliorate this problem [Holliman 2004]. (Also see Woodgate 
et al. [2000]). 

Consider the case that Nv views onto a 3D scene are created by means of a parallax 
barrier. The pixels on the 2D screen must be distributed across these views such that the 
number contained in each view is reduced by a factor equal to the number of views. 
Compared with the 2D screen resolution of Nx by Ny, in the case of the parallax barrier 
approach, it is apparent that: 
 

,
N

NN
n

v

yx
      (8.5) 

 
where n denotes the maximum number of pixels allocated to each view. In interpreting this 
equation, it is important to bear in mind that the loss in pixel resolution occurs in the 
horizontal direction only – Ny remains unaffected. To ameliorate this issue we may seek to 
employ a display technology able to support an increased horizontal pixel resolution – in 
which case there will be a corresponding increase in the pixel bandwidth per screen 
refresh. 

Over the years, a range of displays employing the static form of barrier have been 
researched, developed and commercialised. It is instructive to briefly consider two 
specific embodiments. 

The Varrier display was developed at the Electronic Visualization Laboratory6 
and employs a tiled array of some 35 display screens (each with a diagonal measuring 
20˝) (see Figure 8.4). These are arranged in a semi-circle around the user thereby 
providing a semi-immersive virtual reality experience. The screens operate in 
synchronism to present the user with a single, large-format 3D image scene. Each 
display panel employs a static barrier (formed by printing black rectangular strips onto 
transparent film), and by incorporating head-tracking it is possible to accommodate 
considerable freedom in a user ’s vantage position onto the 3D scene. Traditionally, 
the incorporation of head-tracking has been viewed as a non-optimal approach to 
supporting viewing freedom and motion parallax. This is because head-tracking 

                                                
5 For example, this visual angle corresponds to ~2.9mm at a distance of 10m.  
6 University of Illinois at Chicago, USA. 
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systems have generally required the user to don some special form of tracking device. 
However, this is unnecessary when current camera-based head-tracking technologies 
are used. Further, these systems are increasingly accurate, offer greater stability, can 
follow more rapid user movements, and exhibit smaller latency in the processing of 
data. 

The use of head-tracking technology in conjunction with a parallax barrier-based 
display alleviates the need to interleave multiple stereo views. We need now simply 
interleave a single stereo view of the 3D scene on the display panel and upd ate this to 
reflect changes in the user’s vantage point. 

Most commonly, parallax barrier based displays generate the interleaved stereopair 
by sorting rendered image slices. In contrast, the Varrier system employs a virtual 
representation of the barrier (‘virtual linescreen’) [Sandin et al. 2005]. This is used in 
virtual space to mimic the behaviour of the physical barrier (see Figure 8.5).   
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
 

 

Figure 8.4: The Varrier display 
technology. This provides a 
semi-immersive environment 
using a tiled array of some 35 
display screens (each with 
diagonal of 20˝). These are 
arranged in a semi-circle 
around the user. (Images 
courtesy of the Electronic 
Visualization Laboratory at the 
University of Illinois at 
Chicago. Copyright © EVL 
2010.) 
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Peterka et al. [2006] describe the development of the ‘Personal Varrier’ which employs 
a single display screen (see Figure 8.6) thereby greatly reducing the computational 
overheads and bandwidth requirements of the multi-screen version of the Varrier. In 
addition, the single screen embodiment is well suited to visualisation and interaction 
applications involving complex 3D data sets, 3D teleconferencing and the like. In the 
publication cited above the Varrier is reported to employ  a 30˝ (diagonal) LCD screen 
with a resolution of 2560 by 1600 pixels in conjunction with a static barrier (the 
barrier pitch being 270 lines per foot). One quarter of each barrier line cycle is 
transparent and the remainder is opaque. Consequently, the effective horizontal 
resolution of the display is reduced to 640 pixels (i.e. 75% of the display panel 
resolution). Freedom in user viewpoint is impressive and is reported as  permitting the 
user to move 20˝ left and right and be located at a distance of between 20˝ and 40˝ 

from the display (thus, dependent on user location, the field of view is between 35  

and 65). 
 

 
 
 
 
 
 
 
 
 
 
 

(a) 

 
 
 
 

 
 
 
 
 
 
 

(b) 
 

Figure 8.5: In (a), the Varrier uses a virtual ‘linescreen’ (position A) in 
conjunction with the centres of projection for the left and right eyes, hence 
parts of the image data set are occluded and visible image data is defined on the 
virtual ‘pixel plane’. In (b) the image is presented to the user by mapping the 
contents of the virtual pixel plane to the display screen. Clearly, the virtual 
‘linescreen’ and its physical rendition must be accurately aligned. Referring again 
to (a) when the ‘linescreen’ is in position A, it can only be used to occlude parts 
of the image scene that lie behind it - and cannot operate on any parts of the 
scene that lie between it and the centres of projection. Consequently, the virtual 
linescreen is not located at the same position as its physical rendition, but a 
transformation operation is used to shift it so that it lies close to the centres of 
projection – position B. (After Sandin et al. [2005].) 
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Figure 8.6: The Personal Varrier display system. See text for discussion. (Image 
courtesy of the Electronic Visualization Laboratory at the University of Illinois 
at Chicago. Copyright © EVL 2010.) 

 
The second exemplar display selected for inclusion here employs a static parallax 
barrier located behind the display screen. This approach is outlined in US Patents 
4,717,949, 4,829,365 and 6,108,029 (also see McAllister [1993]). The principle of 
operation of the display (in its simplest form) is indicated in Figure 8.7. Here it is 
apparent that each pixel is illuminated when - and only when - it lies in line of sight of 
one of the illuminating slits (‘light lines’). In this scenario, and on the basis of similar 
triangles, Eq. 8.1 becomes: 

 

.
z

xz
p2b 







 
      (8.6) 

 
One of the problems associated with the simple ‘static’ form of parallax barrier concerns the 
loss of image brightness brought about by the barrier’s physical presence. As the number of 
views increases, the ratio of the slit width to slit spacing decreases accordingly. Consequently, 
in order to maintain satisfactory image brightness it is necessary to increase the illumination 
of the 2D display (specifically the image element generation sub-system).7 This negatively 
impacts on power consumption, which is generally undesirable - especially in mobile 
applications where battery power is always at a premium.  

In principle, a parallax barrier based display may be operated in both 2D and 3D 
modes. However, although the loss of image brightness caused by the presence of the 
barrier may be tolerated when the display is providing advantageous 3D capabilities, it 
can lead to frustration when the system is simply being used to provide a conventional 
2D interface. Thus it is useful to create a barrier able to exhibit different (optimal) 
physical/optical characteristics in accordance with whether the display is operating in 
2D or 3D modes.8 We refer to this as the ‘active’ form of barrier (recall Figure 8.1).  

                                                
7 See Eichenlaub [1992, 1993] for one particular solution to this problem. 
8 For example, see US Patent 6,108,029. 
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Figure 8.7: Plan view of an alternative barrier-based display. A pixel is visible 
when - and only when - it is interposed between the eye and an illuminating slit.  

 
Let us return briefly to the form of parallax barrier illustrated in Figure 8.7. As with 
other barrier-based displays, the fundamental purpose of the barrier is to direct 
alternate pixel columns to each eye. Consequently, if a standard 2D image were to be 
depicted on such a display, alternate image slices would continue to be directed to the 
appropriate eye which is clearly undesirable and in the case of text, for example, would 
cause each eye to be presented with different parts of each letter! In the case of this 
particular display configuration the problem may be overcome by simply changing the 
illumination model to one of uniform background lighting.  

Harrold et al. [2000] describe a simple and effective approach to the implementation of an 
active form of barrier. Here, the barrier acts on the polarisation of light emitted by the display 
screen. Thus rather than forming the re-imaging/projection subsystem from a series of 
vertical transparent and non-transparent elements, the elements are characterised by their 
impact on the polarisation of light emanating from the screen. In Figure 8.8 we illustrate the 
nature of such a barrier and when operating in its 2D mode (and since the human visual 
system is not sensitive to differences in the plane of polarisation of light) the presence of the 
barrier is not apparent to the user. Furthermore, it causes very little attenuation of light 
emanating from the screen. When the display is to be operated in its 3D mode a polarising 
filter is placed over the barrier, and when correctly located this ensures that only light 
emanating from the ‘slit’ regions is visible to the user.  

In the above discussion we have assumed that the barrier slits and the physical 
locations of pixel columns on the display panel are aligned so as to be parallel. In fact 
this is a non-optimal configuration and gives rise to undesirable Moiré patterns. These 
are generated when two optical gratings are overlaid and in the case of parallax barrier 
or lenticular displays are caused by interference occurring between the pixel grid and 
barrier (or lens elements). If the pixel grid and barrier slits are aligned then the 
interference pattern generated takes the form of a set of highly visible vertical fringes. A  
US Patent (Patent Number 3,409,351) filed in 1966 by Douglas Winnek describes a 
simple way of ameliorating this problem, specifically the slight tilting of the barrier slits 
(or lens elements) relative to the pixel grid. In this way, pixel elements in more than one 
pixel column are overlaid over the same slit and this serves to break up the vertical 
Moiré fringes, reducing them to a less apparent and finer structure.9 For related 

                                                
9 By way of example, in the case of the Varrier display the barrier is reported as being tilted at an angle …         
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discussion, see van Berkel et al. 1996 together with van Berkel and Clarke 1997. 
Additionally, Holliman [2005] outlines several other advantages associated with this 
approach.   

The parallax barrier technique supports horizontal parallax only (HPO) and as with 
stereoscopic displays, accommodation/convergence breakdown can be an issue. In Section 
8.2.3, we briefly consider the ‘dynamic’ form of barrier.  
 

 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 8.8: In this scenario, the barrier is formed from a single sheet of material. The 
transparent (slits) and opaque elements that we associate with the conventional (static) 
parallax barrier are characterised by their impact on the polarisation of light passing 
through the material (as indicated by the arrows). When the display is operated in 
‘normal’ (2D mode), a user is not aware of the presence of the sheet of material and it 
has little impact on light transmission (therefore the level of light output from the 
display is not significantly impaired). To operate the display in its 3D mode, a further 
sheet of material (polarising filter) is placed over the display screen. This supports the 
transmission of light emanating from the ‘slits’ and blocks the passage of light from 
other regions. 

 

8.2.2 The Lenticular Sheet Technique 
‘Painting is silent poetry,  

and poetry is painting with the gift of speech’10 

 
A related approach uses a sheet of vertical column ‘lenses’ rather than vertical slits (recall 
Section 6.5.3). These are located in front of the screen, and such a re-imaging/projection 
subsystem is known as a lenticular sheet. As illustrated in Figure 6.26 the basic concept is 
similar to the parallax barrier technique, with the light being directed to the different viewing 
zones - in this case by refraction. This approach is attributed to Lippmann [1908], who 
proposed the use of a ‘fly’s eye’ lens sheet (a 2D array of convex lenses) to provide full (both 
horizontal and vertical) parallax. 

Interestingly, it appears that the first experiment in integral photography (that is the 
recording of the ‘complete’ spatial information of a 3D object on a 2D surface) was carried 
out by A.P. Sokolov at the University of Moscow in 1911 [Okoshi 1976]. Due to the difficulty 
of producing a lens sheet, Sokolov employed a sheet equipped with an array of 1,200 tapering 
pinholes (see Figure 8.9). (Other than their impact on the brightness of the recorded image, 
the functionality of the pinhole array is the same as a lens array, each pinhole giving rise to a 
small, and slightly different, image of the object.) Okoshi reports that this apparatus was used 
to take an integral photograph of the filament of an incandescent lamp. Once developed, the 
3D image would have been reconstructed by placing the negative over the original pinhole 

                                                                                                                                             
…of 7.82 to the vertical axis. 
10 Attributed to Simonides (556-468 B.C.). 
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array and illuminating it from behind. Light passing through the negative would then emerge 
from the pinholes, with the geometry ensuring the formation of a 3D rendition of the original 
scene. 

When a multiview display is formed using a set of lenses (either cylindrical or spherical), 
the passage of light emanating from the display panel is not obstructed and so image 
brightness is not compromised. Most commonly, developments in this area have focused on 
the use of cylindrical lenslets. However these only support motion parallax in one direction 
whereas ‘fly’s eye’ lenslets offer to support both horizontal and vertical parallax.  

The lenticular sheet approach is frequently employed in the implementation of novelty 3D 
postcards where the different views are used either to provide different vantage points onto a 
scene or to show scene animation. In a similar way, Matusik et al. [2008] discuss the use of 
multiview techniques to provide a user with different views onto a 2D image. Thus, for 
example the information depicted by a web browser may alter in accordance with a user ’s 
viewing position. In principle, this could provide a synergistic interaction modality with a 
natural shift in head position resulting in a variation in the amount or type of information 
presented to the user.   

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 8.9: The integral photography technique employed by A.P. Sokolov in 1911. 
Due to the difficulty in creating a ‘fly’s eye’ lens sheet Sokolov employed an array of 
1,200 tapering pinholes. Once developed, the negative was replaced over the array of 
pinholes and illuminated from the rear. In this early experiment, the depth sensation is 
likely to have been somewhat degraded by the low resolution of the array of holes. The 
array measured 15 by 20cm – with a depth of 3mm. By 1948 S.P. Ivanov and L.V. 
Akimakina were undertaking experiments with a lens sheet comprising 2,000,000 
lenslets [Okoshi 1976]. 

 
For the lenticular sheet approach, the geometry governing the formation of the viewing zones 
is directly analogous to the parallax barrier scenario described above and is summarised in 
Figure 8.10. On the basis of similar triangles: 
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Where f represents the focal length of the cylindrical lenslets. Thus the pitch of the lenses (l) 
is given by: 
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Again referring to similar triangles in Figure 8.10, the viewing distance (z) can be expressed 
as: 
 

.
p

wf
z       (8.8) 

 
As with the parallax barrier approach, the lenticular sheet arrangement creates several views 
on either side of the central viewing zone. Consequently, if a viewer moves to the right or left 
of this location (upwards or downwards in the diagram), they may experience a pseudoscopic 
image. Furthermore, crosstalk between different views remains an important issue and as with 
other approaches outlined in this chapter, the decoupling of the accommodation and 
convergence depth cues can be problematic. 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 8.10: The basic geometry associated with the lenticular sheet approach. See text 
for discussion. 

 

8.2.3 Dynamic Multiview Systems 
In Section 8.2.1 we focused on multiview techniques employing static and active barriers. 
Here we turn to approaches that use some form of dynamic barrier (time varying filter), the 
physical/optical characteristics of which can continuously vary or be automatically adjusted to 
best suit observation requirements. As summarised in Figure 8.11, such a barrier may serve to 
adjust (and so optimise) display performance thereby accommodating changes in viewpoint 
and/or extending the viewing angle across which the display operates. In addition it may be 
used to enable a display to simultaneously cater for two or more observers. 
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Eq. 8.2 indicates that the width of a viewing zone is a function of viewing distance, pixel pitch 
and the distance by which the display and barrier are separated. In addition, from Eq. 8.1, it is 
evident that the pixel and barrier pitches are interdependent. Thus in the case of a 
static/active barrier, the width of a viewing zone is determined by parameters which are 
defined at the time of manufacture. Other display parameters are similarly defined and not 
only determine the optimal viewing position (the so called ‘sweet spot’) but also the way in 
which visual characteristics will deteriorate as one moves away from this position.11 Tracking 
a user’s viewpoint relative to the display provides information that can be used to alter key 
characteristics of a dynamic barrier. Thus, for example, the barrier pitch along with its ‘mark 
to space ratio’ may be adjusted in real time. 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 8.11: A summary of key capabilities of the ‘dynamic’ form of parallax barrier. 
See text for discussion.  
 

As indicated in Figure 8.11, a dynamic barrier may be implemented using electromechanical 
components or alternatively may place no reliance on mechanical motion. Below we briefly 
outline three indicative approaches that may be adopted in forming a dynamic barrier (other 
embodiments are outlined in subsequent volumes). 
 
8.2.3.1 Collimated Views  
One approach to the sequential generation of a range of perspective views is to use a re-
imaging/projection subsystem that acts like an array of vertical louvers [Kollin 1988]. These 
are angled such that a given 2D image is visible only from its corresponding viewing 
direction. The louvers are then rotated slightly, and the adjacent perspective view is displayed; 
this is repeated for the full range of views (see Figure 8.12). 

In contrast to the systems outlined in Sections 8.2.1 and 8.2.2, practically all pixels in the 
2D display can now (in principle) contribute to each view. If the 2D display comprises Nx by 
Ny pixels, a collimated view system essentially maintains the same amount of information in 
each view: 
 

Number of pixels per view ~Nx x Ny .    (8.9) 
 
However, this is at the cost of needing to display these pixels Nv times in each complete 
refresh cycle. Consequently, the number of pixels that need be transmitted to the display and 
physically activated during each 3D frame becomes: 
 

Number of pixels per 3D frame = Nx x Ny x Nv.   (8.10) 
 
 

                                                
11 See, for example, Wang et al. [2009]. 
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Figure 8.12: The general principle of operation of the time-varying collimated view 
filter. The orientation of the louvers directs each view to the appropriate viewing 
direction (here we indicate louvers at two extremes of motion). Practically all screen 
pixels can contribute to each view. However, the number of pixels that need be 
transmitted to the display and physically activated during each complete 3D refresh is 
increased by a factor equal to the number of views. (Adapted from Kollin [1988].) 

 
Naturally, such an embodiment only supports horizontal parallax (as indeed is the case with 
most multiview techniques). In principle, vertical parallax can also be accommodated by 
simply adding a second filter oriented at right angles to the first. However, this would be a 
somewhat undesirable arrangement, as it would require the number of image frames per 3D 
refresh to be significantly increased further - by a factor equal to the number of vertical views. 
 
8.2.3.2 The Moving Slit Approach  
Another approach uses a rapidly moving single vertical slit positioned in front of a 2D display 
to deliver a range of viewing perspectives of a 3D scene. At a single instantaneous position, 
the slit acts like one of the slits in the parallax barrier; different columns of pixels on the 
screen are visible from different positions in front of the display. By moving the slit across 
the face of the display, and updating the image information in the pixel columns in 
accordance with the slit position, different perspective views on the 3D scene are provided 
for each of a range of viewing positions. 

In effect, during a single cycle of motion of the slit across the display screen, the multiple 
slits that we associate with a conventional (static) parallax barrier are formed. There is 
however an important difference which concerns the contributions made by each pixel to 
each view. Here, essentially all pixels across the width of the 2D screen can contribute to a 
single perspective view and so Eq. (8.9) applies. However, this means that the 2D screen 
must be driven at a higher refresh rate, a factor of Nv times greater than the standard 2D case. 
This ensures that the entire 3D scene is updated at a refresh rate higher than the flicker fusion 
frequency. 

In keeping with our focus on the computer interface, we have discussed this technique 
implicitly assuming a pixel-based display. However, it is interesting to note that in the 1960’s 
Robert Collender demonstrated the use of this display paradigm in conjunction with a strip of 
cinematic film (see US Patent Number 3,178,729, Collender [1967, 1978, 1986, 1987] and 
also, for example, McAllister [1993]). His ‘Stereoptiplexer’ used a continually (smoothly) 
moving vertical slit12 which followed a cylindrical path around a projection of the image. This 
arrangement is illustrated in Figure 8.13. Here, a continuous-strip film projector casts images 
vertically upwards onto a screen located at the base of the rotating cylinder (the slit being 

machined into this cylinder). A mirror, fixed at an angle of 45 relative to the screen, co-
rotates with the cylinder and ensures that the projected image is continually visible from the 
slit. All that remains is to prepare the film and synchronise its projection with the rotation of 

                                                
12 This type of moving slit mask is often referred to as a Collender filter. 
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the drum. This simple approach supports ‘all-round’ viewing along with the motion parallax 
cue to depth (horizontal parallax only) and in addition enables images to exhibit opacity.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 8.13: The ‘Stereoptiplexer’ developed by Robert Collender in the 1960’s. This 
uses a continually (smoothly) moving vertical slit which follows a cylindrical path 
around a multiview projection of the image. This simple approach supports ‘all-round’ 
viewing along with the motion parallax depth cue (horizontal parallax only) and in 
addition enables images to exhibit opacity. (Reproduced from US Patent 3,178,729.)  

 
Writing in ‘Popular Science’, John Free provides a brief first-hand description of the 
Stereoptiplexer in action: 

 
‘Perhaps the most unusual 3D demonstration I saw appeared on a compact film-projection 
system set up in downtown Los Angeles by Robert Collender … 

Collender pulled a drumlike object from a carrying case and set it atop a small table. He 
then attached reels for a conventional 16mm film that he had made at Disneyland, so the film 
ran horizontally through the Stereoptiplexer. A book-size projector screen, made with 
horizontally brushed aluminum, protruded above the drum. “This machine just demonstrates 
the principle,” said Collender…  

Collender flicked a toggle switch. A motor in the machine slowly accelerated an optical 
scanning device inside to 1,500 rpm. He snapped on another switch and 3D pictures flashed 
on the metal screen. No glasses, polarizers, or other conventional 3D hardware were involved. 
All the images were scenes photographed from a moving car, because horizontally moving 
images are a must for 3D from his prototype system. The movement creates motion parallax, a 
strong visual clue for depth perception.  

“See that tree?” he asked. “Now move to the side and look around the tree.” As I 
stepped to either side of the screen, I could see hidden objects, just as though I were viewing a 
real scene - or a hologram, another type of true 3D image captured with laser light.  

While film moves through his Stereoptiplexer at normal speed, Collender explained, some 
26 pictures are in the field of view at one time. But in addition, the high-speed optical system 
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spinning inside the machine is producing the equivalent of some 2,000 frames per second, 
sweeping them out onto the screen.’ [Free 1988]  

 
The reader is left to ponder on whether this represents a multiview, volumetric, or hybrid 
form of display. An alternative approach (the ‘Parallactiscope’) also employs a single moving 
vertical slit. However, rather than use rotational motion, the slit rapidly sweeps across the 
surface of a 2D display screen. As with the Stereoptiplexer the speed of motion of the slit is 
such that it is no longer visible, and at any instant each eye is able to see a vertical strip of the 
display screen.13 For further discussion see, McAllister [1993], Tilton [1971, 1977, 1982, 1985, 
1987, 1988, 1989], and Funk [2008].14  

An alternative time-varying filter approach employing a vertical slit that is rapidly scanned 
across the display screen during each refresh cycle was developed at the University of 
Cambridge during the 1990’s [Travis 1990, Lang et al. 1992, Travis et al. 1995, Dodgson et al. 
1999]. The technique is illustrated schematically in Figure 8.14. Referring to this diagram, the 
system consists of two lenses and a moving slit barrier, arranged such that lens L2 lies in the 
focal plane of lens L1, whereas the slit filter lies in the focal plane of lens L2. With this 
arrangement, L1 creates an image of the 2D display screen in the plane of L2, while the slit 
serves to collimate the image. The instantaneous position of the slit thus determines the angle 
of view transmitted to an observer. The image space is built up from Nv perspectives by the 
correct set of combinations of 2D view and slit position. As with the collimated view 
approach described above, this system requires an increase in the number of 2D frames 
displayed per refresh cycle by a factor Nv, but enables the full 2D image resolution to be 
retained; Eqs. (8.9) and (8.10) apply. 
 
8.2.3.3 The Electronic Dynamic Barrier 
In this subsection, we briefly discuss aspects of the Dynallax display (see Figure 8.15) 
developed at the Electronic Visualization Laboratory. This provides a sound example of a 
system that employs an electronic form of dynamic barrier. This technology extends the 
Varrier approach (see Section 8.2.1). For example: 
 

‘…Dynallax improves the sensitivity to rapid head movements, permits two pairs of 
independent tracked perspective views [i.e. supports two simultaneous users], extends 
view distance range, and switches between 2D and 3D modes.’ [Peterka et al. 2008] 

  
The system employs two overlaid LCD panels. The pair of panels are illuminated by means of 
a single backlight, the rear panel being used for image depiction and the front panel for the 
formation of the dynamic barrier. By suitably arranging the angles of polarisation of the two 
layers, the overall amount of light transmitted by each pixel pair (i.e. corresponding pixels in 
the two layers), Iout, is given by: 
 

 ..II 21out       (8.11)  

 

where I represents the illumination supplied to the rear pixel by the backlight, and 1, 2 the 
attenuation of each of the individual pixel elements. The identical structure of both LCD 
panels coupled with the adjustable barrier characteristics exhibited by the front panel 
eliminate the need for precision in the physical alignment of the barrier with respect to the 
display panel (a requirement generally associated with other parallax barrier approaches). 
 

                                                
13 The interested reader will find related discussion in Holmes [1991]. 
14 Note that Tilton [1987] includes discussion on the construction and application of the Parallactiscope. 
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Figure 8.14: A dynamic multiview display. An overview of this approach is shown in 
(a). Here, a CRT with a rapid frame rate is used to display sequential perspective views 
of a 3D scene. The two lenses and moving slit filter serve to direct each perspective into 
the appropriate viewing zone. By rapidly displaying a range of perspective views while 
the slit is moved, an autostereoscopic view is provided in the viewing region. 
Geometrical optics of the imaging arrangement are indicated in (b). Lens L1 creates a 
real image of the object in the plane of the imaging lens L2. The slit, located in the focal 
plane of L2, serves to collimate the image. These diagrams present plan views (the 
orientation of the slit is in fact vertical – thereby supporting horizontal parallax only). 
(After Lang et al. [1992].) 

 
One problem that is generally associated with displays that employ a static/active barrier in 
conjunction with head-tracking (so as to update the stereoscopic image scene in accordance 
with a user’s change of viewpoint) concerns the system’s ability to respond in a satisfactory 
manner to rapid movements of the head. Here, two key issues can arise. Firstly changes in the 
scene may lag behind the user’s change in vantage point and secondly, incorrect scene 
artefacts may momentarily become visible. This occurs because incorrect information is 
presented to each eye – normality returning once the user stops moving and the system again 
stabilises around the new viewpoint. 

The dynamic barrier employed in the Dynallax system can be used to ameliorate this 
difficulty. The front LCD panel and associated graphics engine are only responsible for the 
rendering of the barrier. Therefore, loading (considered from the perspectives of data 
throughput and computational overheads) is quite light when compared to that of the rear 
panel and associated graphics engine which generally must render and display complex 
images. When a user changes viewpoint, Dynallax is able to exploit this difference in loading 
by quickly shifting the placement of the rendered barrier, rather than awaiting the updating of 
the more complex image displayed by the rear panel. The barrier shift (s) is given by [Peterka 
2007]: 

  

,
zx

xe
s x


      (8.12) 

 
where ex denotes the extent of the horizontal head movement, z the viewing distance and x 
the optical separation between elements in the two panels.  
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For further details of this display paradigm see Peterka et al. [2007, 2008] and in connection 
with related systems see, for example, Perlin et al. [2000, 2001] and Lee et al. [2008]. For 
discussion on an interesting multiviewer stereoscopic display which employs a barrier in the 
form of a so-called ‘illusion hole’ see Kitamura et al. [2001]. Also see Endo et al. [2000] who 
discuss the implementation of a display system employing a cylindrical parallax barrier.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8.15: The Dynallax display which employs two overlaid LCD panels - the front 
panel being used to implement the dynamic barrier. See text for discussion. (Image 
courtesy of the Electronic Visualization Laboratory at the University of Illinois 
at Chicago. Copyright © EVL 2010.) 

 
8.3 VIRTUAL REALITY SYSTEMS 

‘Once more the gate behind me falls; 
Once more before my face 

I see the moulder’d Abbey-walls 
That stand within the chace.’15 

 
We continually seek to create and participate in environments which allow us to escape from 
the here and now; from the confines of the ‘realities’ of current space and time. Throughout 
history, story-telling, theatre and music have facilitated our immersion into synthetic worlds – 
worlds entirely underpinned by our individual capacity for imagination. Gradually we have 
gained the knowledge needed to construct ever more diverse forms of virtual landscape, 
frequently supporting and augmenting the scope and profundity of the immersive experience 
through the use of technology.  

The proliferation of the magic lantern in the seventeenth century dramatically enhanced 
the story-telling experience, not only through its ability to project rich and colourful images 
but also because to many it represented a mysterious and unfathomable ‘cutting-edge’ 
technology. With the advent of the Phantasmagoria an even greater level of immersion was 
achieved. Indeed, Phantasmagorists of that era were well skilled in creating multi-sensory 
experiences which exploited the power of human imagination and our ingrained thrill for the 
macabre.  

From these early beginnings cinema, television and today’s state-of-the-art virtual reality 
systems have evolved. Although we may think of the latter as a quite recent concept, in fact 

                                                
15 Alfred Lord Tennyson, ‘The Talking Oak’. From ‘The Works of Alfred Lord Tennyson’, Wordsworth Poetry 

Library (1994). 
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the term ‘réalité virtuelle’ pre-dates the digital technologies which are today synonymous with 
the virtual environments that we seek to create. In his book ‘Le Théâtre et son Double’16 (first 
published in 1938) Antonin Artaud writes:  

 
‘All true alchemists know that the alchemical symbol is a mirage as the theater is a mirage. 
And this perpetual allusion to the materials and the principle of the theater found in almost 
all alchemical books should be understood as the expression of an identity (of which alchemists 
are extremely aware) existing between the world in which the characters, objects, images, and in 
a general way all that constitutes the virtual reality of the theater develops, and the purely 
fictitious and illusory world in which the symbols of alchemy are evolved.’ [Artaud 1938] 
 

Although virtual reality (VR) is commonly associated with futuristic and physically immersive 
environments, over the years the title has been applied ever more widely to describe systems 
that have a 3D graphics capability and are perhaps - although not necessarily - able to provide 
the user with a multi-sensory, computer-generated experience (generally audio and/or limited 
haptic). The seemingly ad hoc application of the term ‘virtual reality’ has been caused by two 
key factors. Firstly, throughout the 1990’s and for a few years thereafter, VR was the subject 
of extensive media speculation and hype. Indeed VR research and technology was most 
fashionable - with claims of the potential capabilities of VR systems often far exceeding 
achievable reality! During this period it became advantageous to in some way associate 
research and display paradigms with the VR rollercoaster.17 In several respects this parallels a 
current tendency to apply the fashionable term ‘holographic’ (either in full or in an 
abbreviated form) to various 3D display technologies which in no way operate on 
holographic principles. A second reason for the over-application of the VR title concerns the 
ambiguity of the expression. Webster’s New Universal Unabridged Dictionary (1989) defines 
‘virtual’ as follows: 
 

‘being in essence or effect, but not in fact’ 
 
As for the definition of the somewhat more abstract quantity – ‘reality’: 
 

‘the state or quality of being real. Something that exists independently of ideas concerning it. 
Something that constitutes a real or actual thing as distinguished from something that is merely 
apparent’ 

 
On the basis of such definitions, it would appear that in its very name, VR brings together 
two notions which, when combined, can be applied not only to the synthetic worlds of our 
creation but also to many aspects of the perception of our physical surroundings (for 
example, recall previous discussion on the illusionary nature of both light and colour). In 
literature concerning VR, the paradigm is defined in numerous ways. For example: 
 

‘…a computer-generated 3D environment within which users can participate in real time and 
experience a sensation of being there.’ [McMenemy and Ferguson 2007]    

 
This highlights the interactive nature of VR but does not directly suggest the provision of a 
multi-sensory experience. Two further definitions are as follows:  
 

                                                
16 ‘The Theatre and Its Double’. 
17 Over the years, and in an effort to emphasise some particular aspect of a VR paradigm, other titles have been 
coined. For example: spatial reality, collaborative reality and tangible reality. Naturally, this has caused some 
confusion. 
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‘Virtual Reality is the use of computers and human-computer interfaces to create the effect of a 
three-dimensional world containing interactive objects with a strong sense of three-dimensional 
presence.’ [Bryson 1996]. 
 

And: 
 

‘Virtual reality is a high-end user-computer interface that involves real-time simulation and 
interactions through multiple sensory channels. These sensorial modalities are visual, auditory, 
tactile, smell and taste.’ [Burdea and Coiffet 2003]. 

 
Neither definition is entirely satisfactory. The first quite rightly emphasises presence within a 
3D context, but again makes no reference to the multisensory form of the VR experience. In 
contrast the second definition emphasises the multisensory character of the VR paradigm but 
does not allude to immersion. In addition it suggests that VR is a ‘high-end user-interface’ – but is 
this necessarily the case? In the world of computing, today’s top-end of the range products 
often become tomorrow’s norm!  

Sherman and Craig [2003] offer a pragmatic definition of today’s digital virtual reality 
technologies. This summarises key ingredients and provides a useful framework for the 
discussion that follows:18 
 

‘Virtual Reality: a medium composed of interactive computer simulations that sense the 
participant’s position and actions and replace or augment the feedback to one or more senses, 
giving the feeling of being mentally immersed or present in the simulation (a virtual world).’ 

  
In Figure 8.16 we summarise key aspects of the digital VR paradigm. Here we emphasise that 
support for 3D image depiction (embracing both pictorial and parallax cues to depth) forms a 
crucial part of mainstream VR development. We also allude to the multi-sensory nature of the 
VR experience which for practical reasons is generally limited to support for the visual, audio 
and haptic (i.e. force with limited touch capability) channels.  

Whichever technologies are employed in the implementation of digital VR systems, they 
work (or should work) towards providing a strong sense of immersion (presence) within the 
simulated environment. Here - as indicated in Figure 8.16 - human imagination plays a 
fundamental role and a key task of VR systems is to best support the suspension of disbelief. 
Within this context, it is important that we do not directly link the degree to which a user is 
decoupled from the physical world to the resulting level of cognitive immersion. In short, 
increasing the level of physical immersion (by, for example, reducing/eliminating the visual 
and audible cues of the physical world) does not necessarily enhance a user’s sense of 
immersion within the synthetic world. In Figure 8.17, we indicate issues that may negatively 
impact on the suspension of disbelief, and in Figure 8.18 summarise three practical issues that 
arise when VR users are ‘decoupled’ from their physical surroundings. These are briefly 
outlined below: 
 
1. Decoupling a user from the physical world: Consider, for example, the task of 
donning the conventional type of headgear used in a fully immersive VR application (together 
with special-purpose gloves, etc.). Since the user cannot switch between real and virtual 
worlds instantaneously, this adds to the degree to which a user may feel ‘decoupled’ from 
their physical surroundings. On the other hand, if the display system is simply held to the eyes 
(in a manner akin to binoculars), then switching between real and virtual worlds is simple and 

                                                
18 Given the tremendous creative (and transdisciplinary) opportunities that this area of activity offers, any 
‘definition’ should be regularly reviewed. Furthermore, it should be considered with caution and regarded as 
simply providing an indicative representation of the coalescence of some key ingredients.   
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effectively instantaneous. Consequently the user may experience a sense of being less 
decoupled and be more able to participate in both real and synthetic environments.  
 
 

 
 
 
 

 
 
 
 
 

 
 

 
 
 

 
 
 
 
 
 

 
 
 

Figure 8.16: Some of the techniques and concepts brought to bear in the 
implementation of a virtual reality system in order to create, and place the user within, a 
virtual environment (VE). The visual images and other sensory information supplied to 
the user are augmented by the user’s imagination to support a ‘suspension of disbelief’, 
and hence immersion within a synthetic world. Although VR systems vary widely in the 
level of physical immersion that they offer to provide, for many applications this is not 
relevant. This is because of the vital role played by our sense of imagination - complete 
absorption certainly does not necessarily depend on the level of physical immersion.  

 
2. Decoupling a user from visual cues that support somatosensory processes: An 
important aspect of the decoupling process concerns the degree to which the VR paradigm 
impacts on the sense of body position and poise. Systems that are fully immersive remove our 
ability to directly view our bodies, and so when we are to perform dexterous tasks within a 
virtual space it may be necessary to create, for example, a virtual rendition of our hand(s). 
This is by no means a simple exercise, and human dexterity can easily be eroded if we have to 
become accustomed to an artificial and approximate rendition of the hand, especially if this is 
associated with positioning error and movement latency.  
 
3. Decoupling a user from location and orientation in physical space: Human dexterity 
is supported by our ability to directly view limb positions, and in the case that we feel any 
sense of imbalance, it is convenient to be able to view, contact, and gain momentary support 
from physical, stable objects. Clearly, however great the degree of immersion within a 
synthetic environment, a user cannot be divorced from the effects of gravity! Consequently, 
when synthetic visual cues decouple a VR user from their physical surroundings and conflict 
with the sense of balance, disorientation occurs and mobility is impaired. 
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Figure 8.17: The degree to which a user becomes immersed within a synthetic 
environment does not necessarily directly relate to the degree of physical immersion. 
Here we identify various issues that can negatively impact on the suspension of 
disbelief. 

 
Fully immersive VR represents an extreme embodiment in which all image artefacts are 
processed within the digital domain and depicted by some form of electronic display 
screen(s). Further, the fully immersive paradigm is a multisensory experience which, in its 
purest form, seeks to maximise the synthetic information supplied to a plurality of human 
sensory systems. Pioneering work in connection with this approach dates back to the 1960’s. 
In 1962, a patent granted to Morton Heilig (US Patent 3,050,870) describes an immersive VR 
environment which he refers to as the Sensorama (see Figure 8.19). This placed a single user 
within an immersive environment in which the imaging system occupied the user’s entire 
visual field. Stereo sound was incorporated within this ‘virtual theatre’ along with mechanical 
systems providing airflow, vibration, etc. Heilig also worked on a head-mounted display 
(HMD) system.  

As previously indicated, VR systems take on many forms. In contrast to embodiments 
which seek to present entirely synthetic images to the human visual system, other approaches 
enable computer-generated imagery to be overlaid onto a direct view of the physical world. 
Alternatively, support may be provided to enable views of objects captured electronically 
from the real world to be overlaid on a digital scene. Generally, approaches that permit the 
synthesis of real and virtual objects are referred to as ‘mixed’ or ‘augmented’ reality 
technologies.  

An enormous wealth of literature covers the field of virtual reality. In the following pages, 
we briefly discuss the immersive and mixed reality paradigms. Here, we simply endeavour to 
lay various foundations and for further reading suggest texts such as Burdea and Coiffet 
[2003], Slater et al., Steed and Chrsanthou [2002], Sherman and Craig [2003], and Vince 
[1995]. 
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Figure 8.18: The degree to which an IVR user is decoupled from their physical 
surroundings has practical ramifications. Three examples are summarised here. Firstly, 
the need to don special headgear may prevent a user from switching between real and 
virtual worlds instantaneously. Secondly, if a user is unable to directly view his/her 
hands, fingers, etc., dexterity is likely to be impaired (the virtual representation of limbs 
is generally a non-optimal solution). Finally, the isolation of a user from his/her physical 
surroundings can impact on mobility and when synthetic information conflicts with the 
body’s inner sense of posture etc., disorientation is likely to ensue.    

 
8.3.1 IVR Using HMD Technology 
In Section 1.6.1 we referred to some of the pioneering work carried out in the 1940’s in 
relation to the depiction of 3D perspective views (using analog computation), and in Section 
6.3 outlined the history of the stereoscope. It appears that Otto Schmitt [Schmitt 1947] may 
well have been the first to merge these techniques, presenting electronically-generated 
perspective views by means of a form of stereoscope. One embodiment described by Schmitt 
is shown in Figure 8.20. This perhaps represents the first immersive electronic 3D display. 
Schmitt writes: 
 

‘In addition, two cathode-ray pictures, properly interlaced, can yield a real three-dimensional 
view if eye accommodation and comparison with surroundings are properly suppressed so that 
the eyes will be forced to rely on convergence and object shape for depth perception. 

It is the purpose of this report to point out how easily the underlying principles of projective 
and perspective drawings and of stereoscopic photography can be applied to cathode-ray 
presentation so as to convert raw electrical data directly into vividly recognisable three-
dimensional pictures.’ [Schmitt 1947] 

 
Morton Heilig (referred to above) and Ivan Sutherland are credited with advancing IVR in the 
1960’s. The latter employed a head-mounted display (HMD) comprising two small CRT’s 
(along with associated optics) that could project images into each eye and so satisfy the 
binocular parallax depth cue. The approach adopted by Sutherland [1968] represents a mixed 
reality paradigm where synthetic images are overlaid on a direct view of the physical world. In 
this connection he writes: 
 

‘Half-silvered mirrors in the prisms through which the user looks allow him to see both the 
images from the cathode-ray tubes and objects in the room simultaneously. Thus displayed 
material can be made either to hang disembodied in space or coincide with maps, desk tops, 
walls, or the keys of a typewriter.’ 
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This is, of course an excellent description of the mixed (augmented) reality paradigm (see 
Section 8.3.3). He also describes two approaches to position sensing, one of which uses a set 
of mechanical linkages fixed at one end to the HMD and attached at the other end to the 
ceiling.19 This permitted both rotational and translational motion of the user - digital position 
sensors being used to enable movements to be measured (see Figure 8.21). A second 
approach employing three ultrasonic transmitters (attached to the HMD), and four receivers 
located in a square array affixed to the ceiling, is also described. Each transmitter operated at 
a different frequency, and individual receivers were equipped with suitable filters enabling the 
signals received from the transmitters to be distinguished. Movement of the user therefore 
resulted in changes in the phase of the 12 signals passed to the computer. 

The speed and accuracy of any tracking system should ensure that the user is not aware of 
any delay (latency) or positional mismatch. In practice there is likely to be some inaccuracy 
(real vs. reported position), jitter (random variations or noise in repeated reports of the same 
position), drift (gradual change in reported position with time), and latency (delay in reporting 
changes in position). Traditionally, ultrasound-based systems have provided a low cost and 
convenient technique for position sensing.20 However, as briefly discussed in Section 5.6, 
camera-based systems are being increasingly used for this purpose.21  

                                                
19 Parker and Wallis [1948] also refer to the use of head-tracking as a means of updating 3D images in 
accordance with changes in viewing position. 
20 See Akiyama et al. [1991] for details of a head-tracking system based on an infrared technique. 
21 See, for example, Burdea and Coiffet [2003] for details of ultrasound, magnetic fields, and optical position-
tracking techniques. Ware and Balakrishnan [1994] discuss the impact of latencies in position sensing. 

 

Figure 8.19: The Sensorama developed by 
Morton Heilig in the early 1960’s. This offered 
a multisensory immersive VR experience. The 
inventor outlines the system as follows: ‘… an 
apparatus constructed in accordance with the principles 
of the invention embodies a housing having a hood 
means mounted thereon to fit about the head of an 
observer. A visual image projection means is supported 
by the housing, and an optical means is included to 
direct images from the projection means to the hood. In 
addition to the above, means is provided to direct a 
breeze toward this hood, and at least one odor-sense 
stimulating substance is positioned to be releasable into 
the breeze in response to a signal from a suitable 
coordinating means. It is the cooperative effects of the 
breeze, the odor, the visual images and binaural sound 
that stimulate a desired sensation in the senses of the 
observer. For those instances where a sense of motion is 
desired, means is provided to induce small vibrations or 
jolts to simulate movement and, also, to simulate actual 
impacts.’ (Text reproduced from US Patent 
3,050,870.) 
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Figure 8.20: An immersive stereoscopic display described by Otto Schmitt in 1947. 
The stereopair is displayed using two CRTs. This appears to represent the first 
occasion on which a fully electronic display system was used to depict stereoscopic 
images. The original publication describes various other display configurations. (After 
Schmitt [1947].) 

 
The development and continual refinement of simulators for use in areas such as avionics has 
spanned some decades and represents a key aspect of the progress made in the 
implementation of VR systems.22 Generally, such systems are highly specialised and represent 
a significant investment - in fact, it was not until the 1980’s that interest in VR techniques 
became widespread. Increases in computer performance (both in terms of processing power 
and raster graphics capabilities) coupled with relatively low-cost display and position-sensing 
hardware greatly facilitated progress in this area. The VR concept attracted interest from a 
diverse audience, and as mentioned previously, media hype played a pivotal part in gradually 
dissociating VR from achievable reality. Articles describing the impact that VR systems were 
likely to have on practically every aspect of human activity abounded; total sensory immersion 
within cyberspace offered boundless opportunities! In an article that appeared in 1991 
(entitled ‘Reality Check’), Dwight Davis wrote: 
 

‘Indeed, despite the intrigue and anticipation, virtual reality is not without its critics, many of 
whom contend that the field’s proponents spend more time fantasising about how to transport 
people into simulated, virtual worlds than they do figuring out how to bring the necessary 
technology into the real world.’ [Davis 1991] 

 
In fact, at the time this was written, the speculation that so frequently became associated with 
VR had only started to gain momentum! Fortunately, real applications that could derive true 
benefit from plausible VR techniques gradually began to emerge and speculative reporting 
moved on to other areas.  

In the case of ‘fully’ immersive virtual reality the completely synthetic nature of the virtual 
world provides great flexibility, but as image scenes become increasingly complex and 
detailed, computational costs increase and this ultimately limits performance. Bryson [1996] 
discusses various aspects of VR and considers the application of this general 3D display 
technique to scientific visualisation. In this context, he discusses the scale of data sets 
generated in, for example, computational fluid dynamics applications and the impact that this 
has upon opportunities to visualise and interact in real time with such data. In the years that 

                                                
22 For interesting reading, see Ellis [1991]. 
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have passed since 1996, computing power has greatly increased but so too has the size and 
complexity of the data we so often seek to process, visualise and interact with. Bryson writes: 

 
‘... the problems addressed in real-time scientific visualisation will far outstrip the advances in 
technology. Increased computational capacity will be used to perform simulations that produce 
far larger data sets and contain far more phenomena.’ [Bryson 1996] 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
                      

 
Figure 8.21: Reproduced from Professor Sutherland’s 1968 publication showing in (a) 
the HMD, and in (b) a position-sensing system employing a number of linkages and 
position encoders. At one end these are attached to the HMD, and at the other end the 
mechanism is fixed to the ceiling. (Reproduced from Sutherland [1968] by kind 
permission of Professor Ivan Sutherland. Copyright © Ivan Sutherland 2010.) 

 
In short, it is likely that for many interactive visualisation applications we will continually be 
working at the limits of system performance and consequently significant compromises will 
always have to be accepted. Interestingly, the underlying display technique associated with the 
IVR approach is the converse of that exhibited by many other display systems. Generally, a 
creative 3D display permits a computer-generated image to be viewed within the context of 
the physical world (i.e., the virtual object is placed (or appears to be placed) within our 
physical space). In contrast, the IVR paradigm requires that the user must exit the physical 
world and enter the space in which the image scene appears to reside (i.e., the user is placed 
within the virtual world). 

Headsets employed in IVR applications (recall Figure 1.1) contain an optical arrangement 
that is located between each display screen and the eye. This enables each eye to see, and thus 
focus on, a magnified and more distant virtual image of the screen (the displays are located 
closer to the eyes than the near point distance).23 The optical arrangement usually projects the 
image between 1 and 5m in front of the user and enables it to occupy most, if not all, of the 
field-of-view. However, a drawback to magnifying the image in this way is that the 
‘pixellation’ of the 2D displays can become more apparent. (This parallels problems 
experienced in the early nineteenth century in relation to the Phantasmagoria.) Recall that in 
Section 7.4, we reproduced an observation made by David Brewster which reads: 

                                                
23 This general approach was first used in the Oliver Wendell-Holmes stereoscope viewer developed in the mid-
nineteenth century. 
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‘Superior as the representations of the phantasmagoria are to those of the magic lantern, they 
are still liable to the defect which we have mentioned, namely, the necessary imperfection of the 
minute transparent figures when magnified. This defect cannot be remedied by employing the 
most skilful artists. Even Michael Angelo would have failed in executing a figure an inch long 
with transparent varnishes, when all its imperfections were to be magnified.’ [Brewster 1883] 

 
In the case of the IVR headset this problem may be ameliorated by incorporating a diffusing 
sheet which is used to slightly blur the image. Another possible solution is to optically direct 
more of the pixels toward the centre of the visual field where visual acuity is the highest 
(recall Section 2.5.2). In this case displayed images must be specially pre-distorted, and 
naturally this increases the computation cost [Cruz-Niera et al. 1992]. Furthermore, it is 
important to recognise that the resolution of the fovea is far greater than that of any 
electronic display system. Thus - for the foreseeable future - image imperfections will always 
be evident. 

A disadvantage of the conventional HMD is that the headgear can, when used for 
protracted periods, be uncomfortable to wear. Furthermore, as indicated previously its 
attachment and removal can cause the user to experience an increased sense of detachment 
(decoupling) from the physical world.24 Although in principle the HMD enables the user to 
have freedom of movement (e.g. the ability to walk around), sensory conflict may cause the 
user to experience difficulty in maintaining balance. A related technique uses similar 
stereoscopic displays – these are not worn by the user but held in the manner of binoculars. 
Various approaches may be used in the implementation of such systems; these include ‘hand-
supported systems’ (held in the same way as are binoculars), and ‘floor-supported displays’.25 
These are supported by linkages anchored to the floor, and a counterweight conveniently 
offsets the weight of the display device. Although this approach reduces freedom of 
movement, it is possible to deliberately constrain the speed of user motion and this helps to 
maintain a consistent update of the visual display with changes in position [Cruz-Niera et al. 
1992]. Sensors in the linkages are able to accurately track motion (equivalent to the position 
sensing technique described earlier in connection with Sutherland’s research, although his 
system was supported from the ceiling rather than by the floor). See Burdea and Coiffet 
[2003] for further discussion and also the review of various forms of VR system provided by 
Buxton and Fitzmaurice [1998]. 

 

8.3.2 IVR Using CAVE and CAVE-Like Techniques 
An alternative approach to the implementation of IVR systems enables one or more viewers 
to enter an artificial world contained within the confines of a room, and necessitates only the 
wearing of stereoscopic glasses rather than a more cumbersome projection headset. An 
example of this technique (known as the CAVE26) provides a ‘spatially immersive’ 
environment. It employs temporally-coded stereoscopic images that are cast onto semi-
opaque walls (whose edges measure ~3m), the floor, and possibly the ceiling, from outside 
the room by means of DLP projector systems.27 The position of one observer is monitored 
and the stereo images are computed for this view point. Other observers are therefore 
presented with an inferior (although generally acceptable) image.  

Users within the room are thus immersed in a virtual world that essentially occupies the 
entire visual field (see Figure 8.22). Despite the computational overheads, aliasing, and the 
potential interference of the visible corners of the room, the results are impressive. Images 

                                                
24 For health issues relating to VR systems see, for example, Wann and Mon-Williams [1997]. Although 
somewhat dated, this publication continues to provide useful introductory level discussion. 
25 Frequently referred to by the acronym ‘BOOM’ (Binocular Omni-Oriented Monitor). 
26 ‘CAVE Automatic Virtual Environment’. 
27 Traditionally, CRT-based (RGB) projectors were used. 
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appear to fully occupy the room, and the degree of realism is such that sensations of vertigo 
and of imminent collision with virtual objects are readily apparent.28 

The CAVE was developed by Dan Sandin, Thomas DeFanti, and co-workers at the 
Electronic Visualization Laboratory. The initial impetus for this work was the development of 
a system able to assist in the process of scientific visualisation. An early publication [DeFanti 
et al. 1992] features a prototype implementation of the CAVE comprising only two walls and 
in this article the authors discuss factors that may impact upon the ‘suspension of disbelief’ 
(although their use of the term is a little different to the meaning adopted in this book). These 
include: 
 
1.  The Field of View: This concerns the extent of the visual angle occupied by an image 
(without head rotation) (recall Section 2.5.1). For a display of width W, viewed at a distance 

D, the horizontal visual angle () is simply: 
 

.
D2

w
arctan2 








      (8.13) 

 
In the case of the CAVE, the field of view is essentially limited only by the stereoscopic 
glasses that must be worn. 
 
2.   Panorama: This relates to a display’s ability to ‘wrap’ the observer within the image scene 
and differs from the field of view as head/body movement is used to view the ‘panorama’. 
(Field of view assumes a stationary viewing position.) In supporting ‘panorama’, issues such 
as image lag and overshoot must be considered carefully. In the context of the latter, DeFanti 
et al. [1992] write: 
 

‘The CAVE solves this problem by showing all views from a fixed location simultaneously. 
Users of the Cave experience the same viewing location and head rotation delays as do users of 
the HMD, but since rotations only require a small alteration to the stereo projections the effect 
is less noticeable.’ 

 
3. Viewer-Centred Perspective: As discussed in Chapter 4, the concept of a viewer-
centred perspective was a critical feature of Renaissance art. Naturally, in a system such as the 
CAVE the hardware and software responsible for locating (and tracking) user position 
impacts on how well the ‘viewer-centred perspective’ is achieved. 
 
4. Body and Physical Position: As we have previously noted, the ability to directly view 
the positions of limbs and fingers is of great importance in many interactive applications. 
Furthermore, when undertaking tasks such as creative design and data visualisation, 
interaction between users is often pivotal. In the case of the IVR paradigm discussed in the 
previous subsection, limbs etc. are not directly visible and must be rendered by the display 

                                                
28 The creation of the perspective views and their update in real time in response to user motion or interactive 
operations is computationally demanding. Consequently, when the cost of the necessary computer systems is 
added to the price of the display hardware and the overheads associated with the space needed to house the 
installation, the total system cost is considerable. However, the visualisation experience is impressive (despite 
effects such as aliasing and possibly slight image mismatches between walls). As a central aid to both teaching 
and research, the author has viewed at first-hand the benefits that can be derived from the technology when 
properly used. However, on two occasions I have witnessed CAVE facilities within universities that remained 
largely unused. In both cases, despite the significant capital investment in the hardware and software systems, 
little account was taken of the need for skilled staff able to develop the facilities and especially promote their 
transdisciplinary potential. Rapidly such systems simply become showpieces, generally being turned on to run 
demonstration software when visitors are to be impressed! 
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technology. Furthermore, for users to share a common VR experience each must be provided 
with their own display and interaction hardware - communication is indirect. In contrast, in 
the case of the CAVE, users are able to naturally view their own bodies and can interact with 
others (located in the same CAVE) directly.29 Naturally, in the case that two or more CAVE 
facilities are linked across a network, user interaction is less natural. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8.22: The CAVE display system in operation. In its classic configuration, the 
CAVE takes the form of a cube with sides ~3m. Although a number of people may 
simultaneously enter the CAVE and observe the temporally-coded stereoscopic images 
that are projected onto its surfaces (the DLP projector systems are located around the 
outside of environment), the position of only a single participant is monitored. Others 
within the CAVE therefore receive a slightly inferior (but still impressive) view of the 
stereo scene. The extent of the apparent image space is not bounded by the walls of the 
CAVE.  (Images courtesy of the Electronic Visualization Laboratory at the 
University of Illinois at Chicago. Copyright © EVL 2010. Lower image 
photographed by Roberta Depuis-Devlin.) 

 

 

                                                
29 Although since the CAVE is operated in a darkened environment, the only illumination provided is from the 
image scenes cast onto the walls. 
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A variation on the CAVE approach is the projection of stereoscopic images onto a single 
planar or curved surface. Although this reduces the field of view and panorama provided to 
the viewer, the former is usually large enough for impressive effects to be achieved. 
Moreover, if the viewers are seated then head-tracking is simplified. As mentioned previously, 
projecting a finite number of pixels onto a large screen can lead to the visible pixellation of 
image scenes. In some systems this is overcome by using several projectors (projections) 
‘tiled’ together to form a larger image (recall the Varrier technology discussed in Section 
8.2.1). Here (as at the wall boundaries in CAVE type systems) accurate spatial and temporal 
synchronisation between the different projectors is critical in order that the image areas may 
be appropriately blended. 

The RAVE (Reconfigurable Virtual Environment) represents a more flexible CAVE 
embodiment in which the walls may be rearranged so as to be positioned at different 
orientations. Various other CAVE-like systems are available (see Burdea and Coiffet [2003]), 
and for more technical discussion on the CAVE a good starting point is the publication by 
Carolina Cruz-Neira et al. [1993]. 

The Cybersphere represents a radical approach to the implementation of a projection 
based display [Fernandes et al. 2003]. Here a single user enters a translucent sphere (~3.5 m in 
diameter) onto the surface of which images are projected. The sphere rests on a low-pressure 
air bearing and so friction is minimised. Thus as the occupant walks, the sphere rotates (cf. a 
hamster in a ball) - but without physical translational motion. The system is illustrated 
schematically in Figure 8.23 and as may be seen from this diagram, below the main spherical 
chamber is a smaller sphere. Rotation of the large sphere causes this second sphere to co-
rotate - this motion being sensed electronically and passed to the host computer. Images 
projected onto the main sphere can then be updated according to the motion of the user. 

Clearly, this approach enables the operator to walk in a natural manner in any direction 
and over any distance without being hampered by the boundaries imposed by, for example, 
the CAVE walls or by the range over which the position-sensing hardware associated with 
HMD-based systems will operate. 

Fakespace Systems manufacture various projection systems offering a wide field of view. 
These include CURV, which as the name implies employs a curved screen onto which images 
are projected from either the front or rear; PowerWall, which provides large-screen 
stereoscopic (temporally-coded) image projection (using active shutter glasses), and 
ImmersaDesk. This latter system provides a large desktop (the angle of which can be 
adjusted) onto which stereoscopic images are projected. This system can incorporate head-
tracking (for further details, see, for example, Czernuszenko et al. [1997]).30 

 
8.3.3 Augmented Reality 
A key restriction to the HMD-based IVR techniques is that the user is completely immersed 
within a synthetic world in which all visible imagery must be graphically rendered. Without 
the computer, cyberspace is indeed void! The CAVE is of course an exception. Here a user’s 
body, other participants, and physical interaction tools remain visible.31 However, the real and 
virtual objects are not necessarily viewed consistently; for example, a real hand can occlude a 
virtual object that is (should be) perceived as being closer to the viewer. 

 
 
 

                                                
30 The ImmersaDesk and InfinityWall (a version of the PowerWall system referred to above) were developed at 
the Electronic Visualization Laboratory – which also pioneered the CAVE and PARIS (Personal Augmented 
Reality Immersive System). 
31 In the case of the Cybersphere, the operator’s own body remains visible - but the sphere houses only a single 
user. 
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Figure 8.23: The upper diagram provides a simplified overview of the Cybersphere. 
This depicts the main translucent sphere, the lower motion-sensing sphere and three of 
the image projectors. These projectors are used to cast images onto the surface of the 
main sphere (see text for brief discussion). A photograph of the Cybersphere (and 
occupant) is reproduced in the lower illustration. (Source:  Fernandes et al, [2003]). 

 

Another approach that can be adopted and which usually reduces the degree to which the 
user is decoupled from the physical world is known as ‘augmented’ or ‘mixed reality’. 
Techniques of this sort may involve the use of some form of HMD but with the crucial 
difference that the headgear explicitly combines a view of the real world with superimposed 
graphics (for example, see Figure 8.24). Importantly, this allows (in principle) a consistent 
visual representation of real and virtual objects. Thomas Furness III [1988] writes: 
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‘Virtual space is transparent. Since virtual information can be projected into the eye/ears and 
presented to the hands through mechanisms which do not occult the normal ambient, it is 
possible to superimpose the virtually synthesised information over the real world sights and 
sounds. This aspect of the virtual world opens whole new possibilities for information display...’ 

 
Naturally the overlay of information on real-world imagery has many potential benefits, 
although various key technical criteria must be met. For example, if we assume that the virtual 
scene or information is to map to specific items within the real-world image, then: 
 
1. The synthetic overlay must be located with sufficient positional accuracy relative to the 
real-world scene under observation. In some applications, it may be necessary to provide the 
user with interaction tools by means of which it is possible to indicate to the host computer 
particular objects of interest within the real-world scene. 
 
2. The synthetic image should be stable relative to real-world image components (for 
example, in terms of latency and overshoot). 
 
3. In some applications it may be necessary for portions of the synthetic overlay to occlude 
the observer’s view of the real-world scene. 
 
4. Real-world and synthetic imagery must be simultaneously in focus - despite the fact that 
overlaid imagery will probably be created closer to the observer’s eyes (i.e. in the case that a 
HMD is used). 
 
5. In the case of a system employing some form of HMD, the viewing apparatus should not 
negatively impact on a user’s view of the real-world scene. 
 
6. The overlay should maintain visibility across a range of real-world lighting conditions. 
 
In order to combine graphics with a user’s real-world view, various techniques can be used. 
For example, graphics may be overlaid on video images; e.g., video streams from two cameras 
(stereoscopic) or one camera (monoscopic) mounted on a headset may be presented to the 
viewer. Additionally, computed views of virtual objects (or text) may be added to the video 
image. Since the real-world image is in electronic (digital) form, this approach has certain clear 
advantages in terms of the processing and combination of this image stream with the virtual 
imagery. Certainly, support for the issues raised above (with the exception of (5)) is facilitated 
by this paradigm. Clearly the use of a video camera system will degrade image quality of the 
real-world scene (impacting on spatial and temporal resolution, focus, depth of field, etc.). 
Furthermore, for some applications the use of a camera system is likely to result in a loss of 
immediacy - the degree to which the user experiences a sense of being decoupled increases. 
Most importantly, this approach facilitates issue (3) listed above - consistent occlusion can be 
assured (assuming accurate position information on the real-world objects is available). 

The use of some form of HMD is not an essential requirement for this general technique. 
For example, augmented reality may be achieved via a conventional flat-screen display 
(perhaps supporting the depiction of temporally-coded stereoscopic imagery). Thus, for 
example, in an architectural design application, a proposed structure (e.g. a virtual building) 
can be superimposed onto real landscape images. Alternatively, as indicated in Figure 8.24 
(upper image), real-world and synthetic information may be merged via any transparent 
surface (in this case a car windscreen). 
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Figure 8.24: Illustrating several of Microvision’s innovative approaches to mixing real-
world and synthetic imagery. Naturally, such applications require high brightness 
display technology (able to function in direct sunlight), accurate information on the 
user’s location and optical arrangements that support the viewing of the synthetic 
overlay whilst at the same time maintaining clarity of the real-world scene. 
(Photographs courtesy of Microvision Inc. Copyright © Microvision 2010.) 
 

 

Above and left: Color Eyewear 
employing a scanned laser 
projection system able to overlay 
real-time information onto the view 
of the surroundings. Microvision’s 
‘Integrated Photonics Module’ is 
built into the lightweight glasses. 

 

 

 

Above: The MicroHUD display making 
vehicle and navigation information available 
without the need to significantly shift one’s 
direction of gaze. 

 
 

 

Right: Overlaying technical 
information onto a real-world 

scene. 
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In an alternative scenario, a see-through form of HMD display may be used (as outlined 
previously in the context of the display described by Ivan Sutherland [1968]). Displays of this 
type allow the user to view the surrounding environment directly by looking through 
transparent display screens. The real world is thus seen in a natural way, and computer-
generated images are overlaid upon it (as illustrated in Figure 8.24). This can, for example, be 
achieved by viewing real-world scenes through LCD panels, or by means of a half-silvered 
mirror which combines real-world and synthetic images. Clearly, in order to obtain the proper 
occlusion of real-world objects when using see-through displays (see issue (3) listed above), it 
may be necessary to completely block (in selected regions) the light incoming from the 
physical environment.32 

Kiyokawa et al. [2000] describe a mixed-reality display system, known as ELMO,33 that is 
able to completely block light from selected viewpoints on the real world. Here, a half-
silvered mirror is used to combine the optical paths from synthetic and real images, and an 
LCD panel is used as a filter able to selectively occlude portions of the real-world scene (on a 
pixel-by-pixel basis). However, the LCD filter (the occlusion mask) is located close to a 
viewer’s eyes. Consequently it is out of focus when the observer is viewing more distant 
objects in the 3D scene. However, Kiyokawa et al. describe a simple optical method for 
overcoming this difficulty. The ELMO system provides an example of an arrangement that 
(in principle) allows full occlusion of real-world objects. However, an accurate knowledge of 
the position of objects relative to the virtual scene is pivotal to the correct operation of such a 
system.34 For further, wide-ranging discussion of the augmented reality paradigm see, for 
example, Bimber and Raskar [2003], Bimber et al. [2005] and also Wloka and Anderson 
[1995].  
 

8.4 DISCUSSION 
‘For my part I know nothing with any certainty, 

but the sight of the stars makes me dream.’35 

 
In this chapter we have focused on display technologies that are fundamentally based on the 
general principles of stereoscopic imaging, and have illustrated our discussion by reference to 
various exemplar technologies. These exhibit a broad spectrum of characteristics – some of 
which are summarised in Figure 8.25.  

In addition to the references cited throughout the chapter, we recommend the following 
works. Okoshi [1976] covers the lenticular sheet (and lens sheets in general) in some detail 
(see also Saleh and Teich [1991], Burckhardt [1968], and the related paper by de Montebello 
[1977]). Herbert Ives [Ives 1928] provides interesting discussion on the ‘parallax 
panoramagram’. In connection with this approach he writes: 
 

‘Viewed by both eyes a “panoramagram” presents stereoscopic relief, and; unlike the parallax 
stereogram, which must be held at a definite distance and angle, the panoramagram shows a 
relief picture at all distances, and at any angle.’ 
 

See also Ives [1930, 1931, 1932]. Okoshi [1971] describes the optimisation of the design of a 
lenticular sheet-based display in which a depth resolution parameter is used as a measure of 
image quality. McAllister [1993] provides an excellent collection of chapters dedicated to a 
broad range of 3D display techniques. Davies et al. [1988], Hamagishi et al. [2001], Han [2006] 
and Yang et al. [1988] present detailed discussion on specific 3D imaging systems. See also 

                                                
32 See Kiyokawa et al. [2000] who also summarise various other techniques that may be employed. 
33 ELMO: ‘Enhanced optical see-through display using an LCD for Mutual Occlusion’. 
34 Also see State et al. [1996]. 
35 Attributed to Vincent Van Gogh. 
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Bimber et al. [2005]. A great number of publications deal with all aspects of virtual reality - 
these include Slater et al. [2002], Burdea and Coiffet [2003], Sherman [2003], and McMenemy 
and Ferguson [2007]. Review articles that provide an overview of 3D display research include 
Meacham [1986], Halle [1997], Pastoor and Wopking [1997], and Sexton and Surman [1999]. 
Flack et al. [2007] describe a prototype switchable 2D/3D autostereoscopic display for use in 
hand-held devices. In connection with aspects of accommodation/convergence breakdown 
and discussion on mismatch between display characteristics and the expectations of the 
human visual system in general see Watt et al. [2005], Rushton and Riddell [1999] and 
Hoffman et al. [2008]. Dodgson [2002] provides an informative analysis of multiview displays. 
See also Cranton et al. (eds.) [2011] for extensive and wide-ranging discussion on many 
aspects of 2D and 3D display techniques and technologies. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
Figure 8.25: Here we summarise various characteristics associated with the class I 
autostereoscopic display systems outlined in this chapter. This is based on five general 
parameters: support for one or more viewers (VP’s denotes ‘vantage points’); support 
for motion parallax; the extent of the view onto a 3D scene; the degree of detachment; 
and any requirements for tracking the position of a user(s). The characteristics listed 
here are indicative and are not necessarily independent. For example, if a technology 
requires that the vantage point of each user is to be tracked, then this obviously implies 
that the system will simultaneously support multiple vantage points.  
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9.1 INTRODUCTION 

Recall that in Section 6.2 we identified two general classes of autostereoscopic display system. 
The first of these is discussed in the previous chapter and offers support for the pictorial and 
parallax cues to depth (generally horizontal parallax only (HPO)). These systems exhibit a 
broad range of characteristics, some of which are summarised in Figure 8.25. However, as 
these displays are fundamentally based on the principle of the stereoscope, they do not 
normally mimic the physical world in their support for the oculomotor cues. As discussed 
previously, when the visual system is presented with stereoscopic images an apparent image 
space is perceived with the eyes focusing on the stereo window and their visual axes 
converging on the feature of interest within the scene. Thus the two cues are decoupled – the 
extent to which this negatively impacts upon the 3D experience very much depends on the 
3D nature and dynamics of image content together with the viewing duration. 

In this final chapter of Volume I, we focus on the class II autostereoscopic display 
paradigm. Here, images are generated within physical, virtual or ethereal forms of image space 
and the oculomotor cues are satisfied naturally. Additionally, display paradigms described in 
this chapter often allow considerable freedom in viewing position, support several 
simultaneous viewers, and do not require the use of special viewing glasses. However, as we 
will discuss, class II autostereoscopic systems are certainly not without deficiencies and to 
reiterate a previous comment – the perfect 3D display simply does not exist! 

We begin our discussion by considering volumetric systems which almost always support 
a physical form of image space and briefly review both swept and static-volume architectures. 
Such systems offer to support novel and intuitive interaction modalities. Unfortunately, in 
research terms, this is an area that at the present time remains largely unexplored (see 
Balakrishnan et al. [2001] for discussion on a range of possible interaction scenarios). 
Discussion on interaction with images depicted in both physical and ethereal forms of image 
space is presented in Volumes II and III. 

9 AUTOSTEREOSCOPIC:  CLASS II  

‘He found an ancient dame in dim brocade; 
And near her, like a blossom vermeil-white,  
That lightly breaks a faded flower-sheath, 
Moved the fair Enid, all in faded silk, 
Her daughter.’ 
 
 
 
 
 
 
 
 
.’ 
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In Section 9.2 we also briefly introduce hybrid techniques which combine the swept-volume 
and multiview paradigms. Subsequently, in Section 9.3 we extend previous discussion on 
ethereal image space and examine opportunities for employing a re-imaging/projection 
subsystem to map a physical image space into an ethereal form. Here, we consider both type I 
and type II forms of ethereal space. Section 9.4 reviews varifocal techniques. This worthwhile 
approach received considerable attention from the 1960’s through until the early 1980’s. 
Finally, in Section 9.5 we outline the ‘direct mapping’ display modality in which images are 
directly written onto the retinas of the eyes without recourse to the formation of an 
intermediate image space.  

Electroholography (computed holography) has great potential for advancing the class II 
autostereoscopic approach to image depiction. However, discussion on this form of 
technology is deferred to later volumes of this work.   
 

9.2 THE VOLUMETRIC APPROACH 

‘Eccentricity is not, as dull people would have us believe, a form of madness. 
It is often a kind of innocent pride, and the man of genius and the aristocrat  

are frequently regarded as eccentrics because genius and aristocrat 
are entirely unafraid of and uninfluenced by 

the opinions and vagaries of the crowd.’1 

 
Volumetric display systems enable images to be formed within a transparent volume and so 
they occupy a physically three-dimensional image space. Displays of this class may be 
characterised as follows: 
 

‘A volumetric display device permits the generation, absorption or scattering of visible radiation 
from a set of localised and specified regions within a physical volume. In some cases a volumetric 
system may support the controlled anisotropic propagation of this radiation from each localised 
region.’  

 
This is intended to represent a generalised description of the ultimate form of volumetric 
display - a ‘light engine’ in which the radiation emitted by each member of a set of ‘points’ 
within a 3D space may be controlled – not only in terms of brightness and wavelength, but 
also in respect of the direction in which the radiation generated by each point is to propagate.  
 
 
 
 
 
 
The image elements (voxels (see Section 1.6.3)) that comprise a volumetric image are 
dispersed throughout a physical 3D image space. Consequently, most near-field depth cues 
are automatically satisfied in a consistent manner rather than being simulated by the system. 
In particular accommodation and convergence are not in conflict, and binocular and motion 
parallax arise naturally. However, many volumetric technologies impose (in principle) very 
little restriction on viewing position, with numerous systems permitting images to be 
observed from practically any location around the image space (typically spherical or 
cylindrical in form). In this case, the extent of the image space determines the depth of field, 
and so the maximum degree to which the convergence and accommodation cues can vary 
when one’s gaze shifts from the closest part of an image to that which is the furthest away. 
 

                                                
1 Attributed to Edith Sitwell (1887-1964). 

In the most general terms, the volumetric display paradigm offers to support the 
creation of a light engine whereby it is possible to control the spatial, temporal, 
and directional output of visible radiation from an image space.   
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As we have discussed, in the case of class I autostereoscopic displays, images are depicted on 
a static surface and in addition to incorporating the pictorial cues to depth they are also able 
to satisfy binocular parallax (various approaches also support motion parallax (typically 
HPO)). Consequently, it is useful to view these systems as extending the characteristics that 
we associate with traditional artistic images created on canvas or the like. In contrast, 
volumetric systems share many of the characteristics we associate with traditional sculpture – 
and when we consider advances that are likely to occur in the development of this form of 
technology, its alliance with sculpture becomes increasingly evident. 

Clearly it is not especially meaningful to directly compare a painting rendered on an 
artist’s canvas with a traditional sculpted image - we recognise that the two represent 
particular forms of creative expression with each possessing somewhat different attributes. 
Similarly, the direct comparison of images depicted by volumetric technologies with those 
formed by class I autostereoscopic systems is not especially meaningful and so is best 
avoided. In contrast, it is helpful to regard these two approaches as supporting quite different 
image depiction modalities and so careful consideration should be given to any metrics which 
purport to compare their relative performance.   

In the case of practically all of the many approaches that have been proposed or adopted 
in the implementation of volumetric systems,2 the occlusion depth cue is not satisfied and 
images are translucent. For some applications in which we wish to facilitate the extraction of 
spatial information, the simultaneous visibility of both internal and external structure is 
advantageous (e.g. the visualisation of cancerous tumours) – look ahead to Figure 9.18. 
Indeed when translucent images are viewed directly, the accommodation and convergence 
cues compensate for the lack of opacity and enable the viewer to direct the attention of the 
visual system to particular image components of interest. Contra wise, in some situations (for 
example, applications where realism is an important issue) the lack of image opacity may well 
have negative consequences. Furthermore, the absence of opacity makes it very difficult to 
meaningfully photograph all but the simplest volumetric images (see Figures 9.1 - 9.3).  

In essence, the issue of image opacity arises because of the viewing freedom supported by 
the volumetric approach. This precludes the imposition of synthetic image opacity by, for 
example, the use of hidden-line removal. Thus if we create a volumetric display which 
imposes a single viewpoint onto the image space, we can use software techniques for the 
formation of opaque (‘solid’) images. Alternatively, if the volumetric system supports viewing 
freedom this approach is not possible and alternative solutions must be adopted. 
 
 
 
 
 

 
The lack of image opacity precludes the use of computer graphics techniques for the 
introduction of synthetic shadows and shading. However, as indicated above, the image 
characteristics exhibited by some future volumetric technologies are likely to become ever 
more closely aligned with traditional sculpture. For example, it is possible to identify 
techniques that may be used in the implementation of volumetric systems able to support 
natural image opacity3 and that will enable external lighting sources to be used for image 
illumination – thereby allowing the formation of natural shadows and shading. 

From the perspective of the user and applications software, the volumetric image space is 

                                                
2 Blundell [2007] identifies and discusses more than forty distinctly different approaches that have been adopted 
in the implementation of volumetric systems. 
3 In moving towards the development of a true ‘light engine’, it is desirable to envisage technologies able to 
support variable image opacity on a voxel-by-voxel basis. 

It is frequently reported in literature that the volumetric paradigm cannot support 
the formation of opaque images. While this assertion certainly applies to the great 
majority of architectures proposed and developed to date, it is not an inherent 
limitation of the volumetric approach. 
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generally considered to be represented by a rectilinear 3D coordinate system and is best suited 
to the depiction of volumetric (voluminous) data sets (see Section 1.6.3). However, in the 
majority of embodiments this is an approximation - there is usually a lack of isotropy and 
homogeneity with respect to both voxel placement and to the propagation of light through 
the image space: 

 
1. Voxel Placement: Ideally, when an image component is subjected to a translation 
operation, the number and spatial distribution of voxels from which it is formed should 
remain unaltered. Relatively few volumetric display systems achieve this objective and so the 
image depiction process is frequently influenced by image position. 
 
2. Light Propagation: Light emanating from each voxel must pass through and emerge 
from the image space. Any lack of homogeneity in the optical characteristics of the materials 
that comprise the image space (specifically, transparency and refractive index) will result in 
the anisotropic propagation of light, thereby degrading clarity and distorting image geometry. 
This is discussed in Blundell [2007, 2008]. Quoting from this latter work: 
 

‘Let us suppose that a volumetric technology allows us to accurately position well-defined voxels 
within an image space in such a way that we are able to create superb, high quality images. 
This in itself by no means guarantees that we will perceive such images as being of a high 
quality. Components within the image space that obstruct the passage of light or variations in 
the refractive index of the image space medium will strongly impact upon the quality of the 
perceived image. In addition, boundary refraction may cause image distortion, making it 
difficult to, for example, accurately gauge the separation of image components within a scene 
and accurately navigate a cursor so as to interact with these components.’  
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
Figure 9.1: A simple stick figure depicted on a Cathode Ray Sphere (CRS) prototype 
(this employs a rapidly rotating, phosphor coated, planar screen (‘surface of emission’ 
(SOE)) which is addressed by several electron beams - see Section 9.2.1). One or more 
renditions of this figure are able to run naturally (full limb motion) around a physical 
image space. Unfortunately, when volumetric images are photographed conventionally 
only the pictorial cues to depth are preserved – both the oculomotor and parallax cues 
are lost. Thus the inherent three-dimensionality of volumetric images is not recorded. 
The difficulty of photographing such images is exacerbated by the lack of image 
opacity, which is a characteristic of the majority of volumetric paradigms. In this 
stereogram the binocular parallax depth cue has been preserved and as with other 
stereograms reproduced in this book, it may be fused by slightly crossing the eyes. 
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Figure 9.2: Simple images depicted on a Cathode Ray Sphere (CRS) prototype (see 
Section 9.2.1). In (a), a wireframe rendition of an animated robot. Notice the ‘halo’ 
surrounding the figure. This is inadvertently caused by the build-up of charge brought 
about by the temporary absence of a conductive coating (transparent) on the rotating 
screen and inner surface of the display vessel. (Normally, such a coating is at the final 
anode potential.) In (b), the unit cell of calcium copper tetra (trichloroacetate) tetra aqua 
obtained from x-ray crystallography. This photograph highlights the difficulty of 
satisfactorily photographing translucent volumetric images. In (c), volumetric displays 
are able to depict spatial dynamics with great clarity and this exemplar application assists 
in the visualisation of the eccentricity of satellite orbits together with their relative 
positioning. Image (d) further highlights the difficulty of photographing volumetric 
images that are formed from dense voxel clusters.  

 

 

(a) A simple robot – note the visible (and 
detrimental) impact of charge build-
up around the figure. 

(b) A molecular structure depicted in 
several colours. Unfortunately, the 
photograph fails to convey the true 
three-dimensionality of the image. 
Note the absence of the visual dead 
zone (of the form evident in Figure 
9.3(c)). This image is created using 
two electron guns (the glow of their 
heating elements can be seen on 
either side of the photograph).  

(c)  A number of satellites in orbit around 
the Earth. This type of application 
capitalises on the sound ability of 
volumetric displays to depict dynamic 
spatial information. 

 

 

(d)  This wireframe AutoCAD drawing of the 
‘Starship Enterprise’ further demonstrates 
the difficulty of photographing more 
complex translucent volumetric images. 
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Figure 9.3: Further simple wireframe images depicted on a Cathode Ray Sphere (CRS) 
prototype together with a photograph of an early display system. 

 
Many volumetric techniques have been proposed and implemented over the past century (see 
Blundell [2007], where more than of forty distinctly different approaches are discussed and 
also Volume II of this work). These have basically followed one of two schemes - operating 
either by the activation of visible points or lines on a surface that rapidly sweeps out an image 

 

(a) A representation of a mathematical 
function – a part of which lies 
along the axis of rotation. This 
central form of dead zone 
(characterised by image distortion 
and/or an inability to activate 
voxels close to the rotational axis) 
is a feature of many traditional 
forms of swept-volume display 
that employ rotational motion. 
However, its extent can be greatly 
reduced by judicious design of the 
SOE (surface of emission). 

(c) A dice. This image exhibits a prominent 
visual dead zone (the vertical region of 
diminished brightness). The severity of this 
form of dead zone can be greatly reduced by 
judicious design of the SOE.  

 

 

 

(d) An early CRS prototype 
in Singapore circa 1995. 

(b) A robotic arm and manipulator – note the 
visible ‘swirl’ caused by the excessive 
persistence of the phosphor. See also 
Figure 9.7. 
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space (referred to as ‘swept-volume’ systems [Blundell and Schwarz 2000]), or by effecting 
changes in the visual characteristics of selected regions within a static transparent medium or 
matrix of elements (‘static-volume’ systems).4 These general approaches are briefly discussed 
in the two subsections which follow. 

It is not intended that this section should provide a comprehensive treatment of 
volumetric systems: indeed given the diversity of approaches this would be impossible within 
the space available. Consequently, in the following pages we limit discussion to a small 
number of indicative techniques. The interested reader is encouraged to refer to Blundell and 
Schwarz [2000], and Blundell [2007] which provide detailed discussion on a wide range of 
approaches and implementations.5 Additional coverage of the volumetric paradigm is 
provided in Volume II.6 
 

9.2.1 Swept-Volume Systems 

‘I was working on the proof of one of my poems all the morning, 
And took out a comma. 

In the afternoon I put it back again.’7 

 

One general approach to the implementation of a volumetric display is to use a rapidly 
moving surface (‘surface of emission’ (SOE)), on which voxels are created in synchronism 
with the surface’s motion. Thus, during the course of its periodic movement the SOE sweeps 
out a physical form of 3D image space with sufficient rapidity to ensure that all voxels 
comprising the image can be refreshed at a frequency in excess of the critical flicker 
frequency (CFF) – recall Section 2.7.  Typically rotational or translational motion is used (see 
Figure 9.4). Various surface profiles may be employed, the most common configurations are 
summarised in Figure 9.5. As indicated in this diagram, in the case that translational motion is 
adopted, a planar SOE is invariably used. Rotational motion provides opportunities to 
employ several forms of SOE – the planar and helical geometries being most widely adopted. 
As depicted in Figure 9.4(b), when a planar SOE is employed the axis of rotation is usually 
located in its plane; alternative orientations must be regarded with caution. For example, 
consider the scenario illustrated in Figure 9.6 in which a planar SOE is tilted at an angle of 

45 to the axis of rotation. As is evident from the diagram, the SOE does not sweep out two 
conical regions located at either end of the cylinder and so voxel formation in these areas is 
not possible. This was recognised by the original proponents of this approach: 
 

‘It is readily apparent that two conical areas extending upwardly and downwardly from the 
axis of rotation of the screen are incapable of receiving a portion of the display.’ (European 
Patent 0 418 583 A2) 

 

Visible voxels are created on an SOE as it passes through the appropriate positions in space.8 
Thus, for example, in the case of a planar SOE moving with translational motion, a voxel’s 
coordinates in two spatial dimensions are defined by the location at which it is created on the 
SOE – the third spatial dimension being determined by the time at which the voxel is 
activated. As a consequence of the continual and rapid motion of the SOE it is crucial that 
each voxel should remain visible for only a very brief period of time. Prolonged voxel 
visibility results in elongation, and in extreme cases visible ‘trails’ follow behind the activated 

                                                
4 This is a simplification as various hybrid techniques may also be used - see Blundell [2007]. 
5 Also see Cranton et al. [2011] and general discussion presented in Blundell [2008 a,b]. 
6 Also see Favalora [2009] for discussion on progress in the development of various volumetric displays. 
7 Attributed to Oscar Wilde (1854-1900). 
8 Typically the image space is divided into a series of ‘slices’, and as the SOE passes through each of these a 
corresponding image slice is output and so becomes visible. 
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voxel (see, for example, Figures 9.3(b) and 9.7). Thus in the case of the swept-volume 
approach, all voxels (and hence the image element generation subsystem, recall Figure 1.13) 
must exhibit transient light output (TLO) - recall Section 2.7).  
 

 
 
 
 
 
 
 
 
 
 

Figure 9.4: Swept-volume displays employing translational (left) and rotational (right) 
motion. In the case of the former, the SOE must sweep out the image space (i.e. 
complete a full cycle of motion) at frequencies in excess of the critical flicker frequency 
(25-30Hz). Alternatively, when rotational motion is employed certain embodiments 
enable voxels to be refreshed twice per cycle of motion. This may be exploited by 
allowing a corresponding reduction in the frequency of rotation. Alternatively, by 
maintaining the rotational frequency it is possible to double the number of voxels that 
may be activated. From a mechanical perspective the use of rotational motion provides 
the simplest approach to image space formation. However, by locating an SOE within 
an evacuated vessel, the implementation of translational motion is greatly facilitated 
(see, for example, the Peritron [Withey 1958]). 

 
 
 
 
 
 

 
 
 
 

 
 
Figure 9.5: Translational motion is invariably combined with a planar surface of 
emission (SOE). In the case of rotational motion, the planar and helical forms of SOE 
are the most likely configurations. Other scenarios are possible including the rotation of 
a volume (through which light emitting elements are dispersed) and the Archimedes 
Spiral. See Blundell [2007] for more detailed discussion on configurations that have 
been used to date in the implementation of prototype systems. Also see Volume II of 
this work. 

 
Below we briefly discuss several exemplar approaches that may be adopted in the 
implementation of the image element generation and activation subsystems (see Figure 9.9 for 
summary information).  
 
1. The Use of an Active Surface of Emission: In this scenario, the SOE is equipped with 
an array of light emitting elements that may be activated using electrical or optical signals (see, 
for example, the display developed by Eski Inc. which is depicted in Figure 9.10). During 
each cycle of motion of the SOE, every element moves along a track (which is linear when 

Surfaces of 
emission (SOE) 

Translational 
motion 

Rotational 
motion 

Planar SOE Helical SOE Planar SOE Cylindrical or 
spherical 
volume 

(a) (b) 
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reciprocating motion is used and circular in the case of rotational motion). Thus each 
individual element can generate voxels at multiple points on the track along which it moves. 
This highlights the value of the swept-volume paradigm. For example, consider the simplest 
scenario in which we wish to create a cubic image space with sides of length L within which 
the inter-voxel spacing along each spatial dimension is denoted x. In the case that we were to 
implement such a display without any reliance on mechanical motion, then the total number 
(N) of light emitting elements required would be: 
 

.
x

L
~N

3

3

     (9.1) 

 
For example, consider an image space with sides of length 30cm and an inter-voxel spacing of 
1mm. Here, some 27 million light emitting elements would be required.9 In contrast, if we 
employ the translational motion of a planar SOE we can achieve the same result with only 
~90,000 elements. For a further interesting example of a display embodiment employing the 
rotational motion of a planar SOE equipped with an array of light emitting elements, see US 
Patent 4,160,973.  
 In an alternative configuration, the light emitting elements are dispersed throughout a 
rotating cylindrical or spherical structure. This approach endeavours to reduce/eliminate the 
‘visual dead zone’10 which can occur when the plane of a rotating SOE is in-line with (or 
approximately in-line with) the observer’s line of sight.11 An example of such a dead zone is 
provided in Figure 9.3(c). 
 
 
 
 
 
 
 
 
 

Figure 9.6: Here, a rectangular, planar SOE is tilted at an angle of 45 to the axis of 
rotation. This results in the formation of a cylindrical image space. However, the SOE 
fails to sweep out the conical regions located at either end of the cylinder and this 
negatively impacts on the value of this approach. 
 

In fact, various forms of ‘dead zone’ can be identified - see, for example, [Schwarz and 
Blundell 1994a,b, Blundell 2007] and Volume II of this work. 
  

 

 
 
 
 

                                                
9 Such an image space is clearly entirely impractical not only in terms of the number of light emitting elements 
needed but also - and most importantly - because of the effect of the presence of these elements (and associated 
connections) on the passage of light through the image space. Furthermore, doubling the linear dimensions of 
the image space would necessitate an 8-fold increase in the number of elements, or alternatively a reduction in 
voxel density. 
10 Visual Dead Zone: A region of diminished image intensity that is usually associated with the rotational 
motion of a SOE. 
11 The impact of the visual dead zone is ameliorated by binocular vision. 

A planar SOE 

tilted at 45 to the 
axis of rotation 

Upper and lower 
cones are not 

swept out 

Image space 

Dead Zone: A region of an image space within which image quality is 
compromised by a reduction in one or more image space characteristics. 
[Blundell and Schwarz 2000] 
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Figure 9.8: In contrast to Figure 9.7, when the image element generation subsystem 
exhibits appropriate TLO characteristics, trails are avoided. In (a), the simple stick figure 
is able to effortlessly move around the image space with natural limb motion and by 
means of motion capture technology, the figure can portray the movements of an actual 
person. Additionally, multiple interacting figures can be created (also see Figure 9.1). In 
(b) a very simple but effective test image showing a single instance of a piston, 
crankshaft and connecting rod moving in a natural manner. 

 
2. The Use of One or More Laser Beams and a Passive SOE: For some years work has 
continued on the use of directed laser beams for the creation of visible voxels on a passive 
SOE. This approach (specifically, the use of several laser beams in conjunction with helical 
screen geometries) was pioneered by Rűdiger Hartwig in the 1970’s12 (see Figure 9.11) and 
has received considerable attention as a practical solution to the implementation of larger 
volume forms of image space. See for example research performed by several groups 
including Texas Instruments [Williams and Garcia 1988, Clifton and Wefer 1993], and the US 

                                                
12 See German Patent DE2622802C2. 

Figure 9.7: In the case of swept-volume volumetric 
displays, the image element generation subsystem must 
exhibit appropriate transient light output (TLO) 
characteristics. Here, we use the Cathode Ray Sphere to 
illustrate the undesirable effect of excessive phosphor 
persistence which leads to visible image trails in the 

direction of motion of the SOE. Also see Figure 9.3(b).  

 

 

 

(b) 

(a) 
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Navy Research Laboratories in San Diego [Soltan et al. 1994, Lasher et al. 1996].  
Typically, the total number of voxels that can be activated during each cycle of motion of 

the SOE is limited by the speed at which the directed laser beams can be moved between 
successive voxel locations. Naturally the use of a single beam results in sequential voxel 
activation. Parallelism may be achieved by introducing multiple laser beams, but this increases 
the complexity of the deflection apparatus.13 In practice, this added complexity restricts the 
number of beams that can be used (for technologies using directed laser beams, parallelism in 
voxel activation is invariably less than 10).  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

Figure 9.9: Exemplar approaches that may be adopted in the implementation of the 
image element generation and activation subsystems for a swept-volume volumetric 
display. See text for discussion. 

 
In an alternative configuration, a plurality of laser diodes is employed (see Figure 9.12). This 
supports a high degree of parallelism (P) in the voxel activation process. Unfortunately, for a 
given voxel resolution the number of laser sources is directly coupled to two of the three 
image space dimensions. Thus, doubling these dimensions results in a four-fold increase in 
the number of laser sources required. Consequently, this technique is not suited to the large 
volume image spaces that can be formed via the helical SOE. However, in situations such as 
air traffic control (in which there is a need to observe the spatial positioning and dynamics of 
a set of discrete objects), a display technology only needs to support the formation of a 
plurality of ‘voxel clusters’. This approach has been extensively researched by Rűdiger 
Hartwig in connection with next generation helical screen display technologies (see DE 
10047695, US 6,958,837 and EU 1322990). In essence, the number of laser sources dedicated 
to the formation of each voxel cluster ensures that the system supports image depiction at an 
appropriate level of detail. Furthermore each cluster may be relocated to any position in the 
image space. In this way the total number of beam sources required is decoupled from the 
dimensions of the image space, without any compromise in image resolution. 

 
  

                                                
13 Which must ensure accurate alignment between all directed beams.  
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Figure 9.10: The ‘Revolver’ volumetric display developed by Eski Inc. which employs 
the rotational motion of an array of light emitting elements.  The SOE is illustrated in 
the photograph on the upper left. Note the presence of the co-rotating electronics 
located below the LED array. Eski also supply the ‘Aurora’ interface which enables 3D 
designs created using Maya (lower left image) to be readily exported to the display 
(lower right image). (Images supplied by, and reproduced by kind permission of Eski 
Inc., Montreal, Canada. Copyright © Eski Inc. 2010.) 
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Figure 9.11: Illustrating the original helical SOE geometry pioneered in the 1970’s 
together with an impression of a large volume display intended for applications such as 
air traffic control. (Images kindly supplied by Rűdiger Hartwig. Copyright © R. Hartwig 
2010.) 
 

Returning to the general issue of voxel activation, let the time required to activate each voxel 
be denoted T, the frequency of the SOE motion f, and the parallelism supported by the image 
element activation subsystem P. It is convenient to define the voxel activation capacity NA as 
representing the total number of voxels that can be activated during a single cycle of motion 
of the SOE. Thus: 

 

.
Tf

P
N A         (9.2) 

 

Left and below: The original volumetric display 
developed by Rűdiger Hartwig which employs a helical 
SOE in conjunction with a directed laser beam. The 
use of a helical SOE is particularly suited to the 
formation of an image space with large dimensions 
and hence to applications involving the visualisation 
of the spatial positioning and dynamics of collections 

of objects. (See German Patent DE 2622802C2.) 

 

 

Below:  Although the helical shape of the 
SOE is well suited to the formation of 
large image spaces, exhaustive scanning of 
all possible voxel locations is impractical. 
Consequently, more recent work by 
Rűdiger Hartwig supports the formation 
of large numbers of dynamic ‘voxel 
clusters’. This approach is particularly 
suited to areas such as air traffic control 
and satellite guidance applications. (For 
further details see DE 10047695, US 
6,958,837 and EU 1322990.) 
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If the frequency of motion of the SOE is reduced below the CFF (recall Section 2.7), then 
image flicker will occur. Thus the voxel activation capacity can only be significantly increased 
by either reducing T or by increasing P. As mentioned above, displays that employ directed 
laser beams generally exhibit a low degree of parallelism in voxel activation, and the minimum 
value of T is largely determined by the response of the beam deflection apparatus. Thus such 
displays tend to exhibit voxel activation capacities of less than ~104. However, by employing 
a rectangular array of laser diodes (or clusters of diodes) we can introduce a high degree of 
parallelism in the voxel activation subsystem and so, in principle, increase NA by several 
orders of magnitude. 
 
 
 
 
 
 

 
 
 
 
 

Figure 9.12: A conceptualised arrangement showing the way in which a set of laser 
diodes can be used to create voxels on an SOE moving with translational motion. In an 
alternative configuration, the laser diodes can be used in conjunction with a helical 
screen (see, for example, Blundell and Schwarz [2000]). Furthermore, spatial light 
modulators (SLM’s) and associated optics provide numerous opportunities for 
combining the swept-volume approach with an image element activation subsystem 
able to exhibit a high degree of parallelism in voxel activation. 

 
3. The Use of One or More Electron Beams and a Passive SOE: The author has 
developed a number of prototype volumetric display technologies several of which use 
electron beams for voxel activation. These are collectively referred to as CRS (Cathode Ray 
Sphere) technologies - see Figures 9.1-9.3 and Figures 9.8 and 9.13.14 This general approach 
provides a convenient basis for highlighting issues that may be applied to a range of swept-
volume implementations.  
 Typically, a CRS display employs a rotating, phosphor-coated, planar screen addressed by 
several electron beams15 [Blundell et al. 1993, 1994, Blundell and Schwarz 1995a,b, Schwarz 
and Blundell 1997]. The screen, electron guns, and other apparatus are housed within a 
spherical glass vacuum vessel which allows considerable freedom in viewing location. Coating 
the SOE with different phosphors on each face (and on either side of the axis of rotation) 
enables colour image generation.  
 The use of multiple electron beam sources provides a simple solution to the continually 
varying geometry existing between the static electron guns and moving SOE. In one scenario, 
three electron guns are employed (see Figure 9.13(c)), with only one gun addressing the SOE 
at any instant. The practicality of this solution is dependent on the accurate alignment of the 
electron gun coordinate systems relative to the SOE’s world coordinate system. Rather than 
rely on precise mechanical alignment of the various components, automated techniques have 
been developed. These are based on a calibration process which is underpinned by the 
sensing of electron beam current as the beams are directed to different regions of the image 
space (see Figure 9.14). 

                                                
14 The initial prototype is reported in Blundell and King [1991]. 
15 This builds on and extends earlier work - see, for example, [Ketchpel 1962, 1963] and US Patent 3,140,415.  
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Figure 9.13: In (a) a glucose molecule (note the presence of a visual dead zone) and in 
(b) a molecular structure and cubic cursor (used for bond manipulation). A CRS 
prototype employing three electron guns is illustrated in (c). Here, the drive responsible 
for the rotation of the SOE is located below the display volume. 

 
The time required to activate a voxel may be expressed as: 

 

.TTTTT offdwellonm      (9.3) 

 
Where Tm denotes the time to move to a voxel location, Ton the time to turn on the electron 
beam, Tdwell the time needed to stimulate the phosphor coating (and achieve a voxel of 
satisfactory brightness), and Toff the time needed to blank the beam in preparation for its 
move to the next voxel site. In the case that conventional electron guns (employing 

electrostatic beam deflection and final anode voltages of ~5KV) are used, T ~1s. Assuming 
P~1 and f~30Hz yields a value for NA of ~33,000. Alternatively, electron guns that support 
post deflection acceleration (PDA) may be employed (see Figure 9.15). These not only reduce 
the required beam deflection voltages (thereby reducing Tm) but also support final anode 
voltages of ~30,000 volts (thereby reducing Tdwell).  As a result, T can be reduced by nearly two 
orders of magnitude, thereby supporting a significantly greater voxel activation capacity. 

 

 

 

(a) 

(c) 

(b) 
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Figure 9.14: A simple test pattern depicted on a Cathode Ray Sphere (CRS) prototype. 
This is used to verify the alignment of two electron guns. Here, the set of squares 
created by one electron beam is overwritten by a second set generated by the other 
beam. The two beams each create squares of a different colour thereby providing 
verification that the accuracy in geometrical alignment is sufficient for satisfactory 
colour mixing.  A key advantage to the use of electron beams concerns the relative ease 
with which their individual beam deflection hardware can be automatically aligned with 
the image space coordinate system.    

 
When using a small number of directed beams (laser or electron), scanning all possible voxel 
locations (i.e. employing the 3D equivalent of the traditional raster scan used with 
conventional CRT-based displays) is technically difficult and may be unnecessary. Two key 
issues which suggest that raster scanning may not be an optimal solution are as follows: 

 
1. Efficiency: The major part of any volumetric image space is void (when this is not the 
case, the image space can become cluttered making it difficult to readily discern spatial 
relationships). Thus the exhaustive scanning technique is inefficient as it results in the beam(s) 
sweeping through large portions of an image space in which no visible voxels are to be 
located. 
 
2. Impact on Image Space Dimensions: The exhaustive scan approach couples scan 
speed, voxel resolution, and image space dimensions. Thus, for example, doubling the volume 
of an image space would lead to a doubling of the scan speed or a corresponding reduction in 
scan resolution.  
 
Consequently, a ‘dot graphics’ approach is frequently adopted whereby the activation beams 
simply move between voxels that are to form part of the visible image.16 Naturally, the time 
taken to activate a set of voxels in this way depends on their spatial distribution and hence the 
order of activation. The computation of the optimum order of activation is computationally 
demanding (TSP) such that for all but trivial data sets the determination of an exact solution 
is not practical. However, the approximate ordering of data sets to reduce the time needed for 
their depiction is a useful and achievable exercise (see Figure 9.16). For further discussion, 
see, for example, Schwarz and Blundell [1997].  

                                                
16 This technique is akin to the vector graphics approach widely employed in the 1960’s and early 1970’s. For 
summary discussion see [Blundell 2008]. 
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Figure 9.15: An electron gun employing electrostatic beam deflection and which is 
equipped with post deflection acceleration (PDA) electrodes - thereby greatly reducing 
the required deflection voltages. Note the fine domed mesh at the end of the gun. This 
is connected to a high positive potential and consequently increases the electron beam 
energy - after beam deflection. In addition, the curvature of the mesh can support the 
magnification of beam deflection. This form of electron gun employs a final anode 
voltage of ~30,000 volts. In contrast CRS images depicted in previous illustrations were 
formed using electron guns with a final anode potential of only ~5,000 volts.  

 
When employing the ‘dot graphics’ approach, it is usual to design the controlling hardware so 
that it is able to support high-resolution voxel placement. Thus we can define a voxel location 
capacity (NL) - which corresponds to the total number of possible voxel locations within the 

image space and hence defines the maximum voxel density. The ‘fill factor’ () for the display 
system is then defined as: 
 

.100.
N

N
(%)

L

A     (9.4) 

 
Systems exhibiting a high degree of parallelism in voxel activation are likely to be able to 
support a fill factor of 100%. Alternatively, displays employing the directed beam approach 
are likely to have fill factors that are significantly less than 1%. For example, consider the 
simple CRS embodiment mentioned above which employs a relatively low final anode 
potential and for which P=1. This suggests a voxel activation capacity of ~33,000. If for 
simplicity we assume an (indicative) cubic image space with sides of length 30cm and an inter-
voxel spacing of 1mm, then the voxel location capacity is ~27x106. This indicates a fill factor 
of ~0.1%. In short, the display is able to depict a plurality of objects at adequate resolution 
within the image space, but for the most part the image space is void. This parallels most real-
world situations in which we find that, for the most part, we are surrounded by empty (or 
rather transparent) space – even in the crowded confines of a long-haul ‘cattle class’ flight!    

In the case that electron beams are employed and despite the issues raised above, the use 
of raster scanning is not entirely without merit (primarily this approach increases display 
predictability). Although high performance electron guns (of the type depicted in Figure 9.15) 
can be used to implement such a scan, they are relatively expensive. Alternatively a raster scan 
can be realised using low cost electron guns that utilise magnetic fields for beam deflection. 
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Such guns are able to support the wide-angle deflection of high-energy electron beams.17 
However, the optimisation of the deflection apparatus is by no means trivial. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
4. The Use of DLP Projection Systems and a Passive SOE: DLP projector technology 
continues to provide numerous exciting opportunities for the development of new swept-
volume architectures. In essence, the DLP projector provides the high degree of parallelism 
in voxel activation alluded to in Eq. 9.2 and Figure 9.12. Consequently, DLP projector-based 
systems are able to exhibit fill factors of 100%. In the case that DLP’s are used to activate 
voxels on the planar form of SOE moving with translational motion (Figure 9.12) or on a 
tilted SOE moving with rotational motion (Figure 9.6), then the design of the optical system 
is greatly simplified. However, matters become a little more complicated when a DLP 
projector is used in conjunction with a planar SOE whose axis of rotation is in the plane of 
the screen. In this case the intermediate optics must maintain constant geometry between the 
SOE and static DLP projector(s). This general approach is adopted in the implementation of 
the Perspecta display system (see Figures 9.17 and 9.18). 

The mechanical motion employed by swept-volume systems is often considered to be a 
cause for concern. This matter is addressed in another work as follows:  
 

‘…because of the pivotal reliance that is placed on rapid, cyclic mechanical motion, swept-
volume systems are often regarded with a degree of skepticism. This is perhaps surprising when 

                                                
17 High energy beams are needed to support the low dwell times (Tdwell) that are inherently required for an ultra-
high speed raster scan. 

Figure 9.16: Voxels within an image slice 
that are to be activated using a dot graphics 
technique. In the upper illustration, the 
voxels (indicated as dots) are activated in 
random (non-optimised) order. Below, an 
approximate ordering process has been 
implemented so as to reduce the total 
distance traversed by the activation beam. 
This leads to a corresponding reduction in 
the average time required to activate each 
voxel and in principle allows each image slice 
to comprise a greater number of voxels. 
Unfortunately, the benefit of ordering each 
slice cannot be predicted a priori and so 
making use of this method may reduce the 
predictability of a display technology. This 
particular image slice depicts (in cross 
section) an aircraft (upper left) and portion 
of an airfield (lower right). 

 

  

 



Chapter Nine  •  Autostereoscopic: Class II                                                                                                325 

 

 

 

we consider the prevalence, diversity and reliability of a wide range of technologies that impact 
on every aspect of our daily lives and whose operation is underpinned by rapidly moving 
mechanical components. The reciprocating motion of pistons in a conventional car engine (and 
from which rotational movement is derived), and the remarkable rotational speed achieved by 
components within a jet engine, provide obvious examples of engineering feats which become all 
the more impressive when we consider the harsh conditions under which these systems operate, 
and their life-span.18  

Mechanical motion underpins the operation of many forms of modern storage media (both 
digital and non-digital) and, for example, the precise and rapid movements of the read/write 
heads within a hard disk are generally taken for granted (along with disk reliability). In fact a 
vast number of appliances and systems that impact on our lives rely on reliable cyclic mechanical 
movement.19  

When we examine the design and implementation of the mechanical mechanisms needed 
for the implementation of swept-volume systems and consider these in the light of other 
mechanical feats (such as those mentioned above), their implementation would seem almost 
trivial, and reliability appears to be assured. However, it is important to remember that many 
of the mechanically based appliances and systems that are now mass-produced and operate with 
such astounding reliability have, for years, been continually refined and gradually brought to a 
state of cost-effective perfection.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 9.17: The Perspecta display. This employs a rotating planar screen onto which 
image slices are projected. These are formed using three spatial light modulators (each 
comprising a digital micro-mirror device (DMD) equipped with 1024x768 mirror 
elements). These generate spatially modulated red, green and blue beams. An optical 
arrangement projects the beams onto the rotating SOE in such a way as to maintain a 
fixed geometry between the projector and screen surface. For further discussion, see for 
example, Favalora et al. [2001, 2002], Brown [2007] and US Patent 5,936,767. 
(Reproduced by permission of Gregg Favalora. Copyright © G. Favalora 2010.) 

                                                
18 ‘For example, during the typical life of a modern car engine, each piston will be expected to complete some hundreds of millions of 
cycles of motion within an extremely harsh operating environment. This is achieved with little, if any, maintenance other than the 
occasional and generally begrudged oil change. Average operation of such an engine requires rotational rates on the order of two 
thousand crankshaft revolutions per minute (~33Hz), which approximates to the rate at which we seek to sweep out an image 
space.’ 
19 ‘The heart must represent one of the most remarkable ‘mechanical systems’. If we assume an average pulse rate of 65min-1 then for 
a person who reaches the age of 80 it will have performed some 2,730 million beats (servicing generally being unnecessary…).’ 
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Figure 9.18: Medical images 
depicted using the Perspecta 
display. The upper photograph 
shows organs within the upper 
torso (Computed Tomography) 
and comprises 11,599,872 
voxels. The lower image depicts 
a segmented MRI scan showing 
a cancerous lesion within a 
breast (the tumour is depicted in 
purple). Note that for such 
applications, the translucent 
nature of the image is highly 
beneficial. (Reproduced by kind 
permission of Gregg Favalora. 
3D image data courtesy Brigham 
and Women’s Hospital, Surgical 
Planning Laboratory.) 
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Certainly, the rate at which we seek to sweep out an image space is not especially great and we 
are able to tolerate variations in the sweep frequency. Furthermore, the loads imposed on the 
various mechanical elements can be well defined and generally the operational environment is 
not problematic. On the other hand the optimization of the system involves serious effort,20 
particularly in the design of the elements that comprise the screen [SOE]… 
 The use of cyclic motion for image space creation should not necessarily be viewed as a 
weakness inherent in the swept-volume approach but rather as an engineering compromise that 
permits the production of low cost, high performance systems that may be readily implemented 
using a range of currently available technologies.’ [Blundell 2007] 
 

As indicated previously, a physical image space should be represented by a homogeneous 
array of possible voxel positions such that when an image component is subjected to a 
translation operation, the number and spatial distribution of voxels from which it is formed 
remain unaltered. Such homogeneity in voxel placement, coupled with invariance in key voxel 
attributes such as size, shape, and the like, ensures that an image space acts as a uniform and 
predictable tableau (as summarised in Figure 9.19). The use of translational motion for image 
space formation facilitates homogeneity in voxel placement. In contrast, when rotational 
motion is employed it is more difficult to achieve such homogeneity and to do so may require 
the imposition of worst case voxel positioning attributes across the entire image space. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

 
Figure 9.19: An image space should provide a uniform and predictable tableau such 
that image quality does not vary with image location or with viewpoint. See text for 
discussion. 

                                                
20 ‘Optimisation of a mechanical system is an extensive undertaking and may lead to a solution that has little similarity to the early 
prototype. In this context, Sir Frank Whittle describes the early tests on his first jet engine prototype in 1936: ‘The apparatus was 
usually anything but leak-proof and large pools of fuel would collect underneath. Sooner or later flaming droplets set them alight and 
we, conducting the tests, would be stepping between the pools of flame like demons in an inferno…. Some people naturally supposed 
that we were trying to develop a flame-thrower. Others thought we were merely mad!’ (Whittle F., ‘Jet, The Story of a Pioneer’, 
Frederick Muller Ltd, 1953). Thus the jet engine was invented…  The estimation of the force on a jet engine fan blade during 
takeoff is an instructive ‘back of an envelope’ exercise (consider, for example, the case of, a fully loaded 747-400), although for those 
nervous of flying this is a calculation best avoided before take off!’ 
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As previously mentioned, the optical characteristics of an image space play a critical role in 
determining the quality of the perceived image. In this respect, it is insufficient to simply focus 
attention on homogeneity in voxel placement and invariance in voxel attributes - equal 
emphasis has to be given to the impact of components within the image space which may 
wholly or partially block the passage of light and/or impact on its rectilinear propagation. In 
this context, we strive to create an optically homogeneous image space: 
 

‘A homogeneous image space permits the isotropic transmission of light through the volume. 
Light is thereby able to propagate in a rectilinear manner, and attenuation does not vary with 
viewing direction. However, homogeneity does not determine effects that occur at the image space 
boundary.’ [Blundell 2007] 

 
In the case that an image space lacks such homogeneity, perceived image quality will vary with 
viewing direction, images appearing at their best when viewed from a particular direction. 
Additionally, as summarised in Figure 9.19, attention must also be given to possible refraction 
occurring as light emerges from a physical image space. We have already indicated that if an 
image space is formed from a structure whose refractive index is significantly greater than the 
surrounding air, boundary refraction is likely to lead to image distortion thereby, for example, 
making it difficult to accurately judge spatial relationships. However, it is also important to 
note that the impact of refraction is strongly influenced by the shape of an image space – just 
as with goldfish in a bowl or tank. 

For general discussion on the swept-volume paradigm, the seminal publication by Parker 
and Wallis [1948] provides an excellent starting point. A comprehensive review of a wide 
range of both swept-volume and static-volume systems is provided in Blundell [2007] (where 
numerous display architectures are described).21 Additional publications that describe 
exemplar embodiments include Coddington and Schipper [1962], Mark and Hull [1977], 
Yamanaka et al. [1988] (which discusses a system developed for use in non-invasive 
angiography), Bahr et al. [1996], Miyazaki et al. [2003] (who describe an image space formed 
via the translational motion of an inclined plane) and US Patent 5,148,310. Two particularly 
radical mechanical embodiments are described in US Patent 2,967,905. US Patent 4,692,878 
details a display embodiment employing a rotating lens for 3D image formation. Also see 
Maeda et al. [2003] and Otsuka et al. [2006]. Geng [2008] describes the architecture of a swept-
volume volumetric display (based on the rotational motion of a helical SOE) for use in 
radiation therapy planning. 
 

9.2.2 Static-Volume Systems 
‘The number of books will grow continually, and one can predict that a time will come  

when it will be almost as difficult to learn anything from books 
 as from direct study of the whole universe.  

It will be almost as convenient to search for some bit of truth concealed in nature 
 as it will be to find it hidden away in an immense multitude of bound volumes ’22 

 
In the 1920’s, John Logie Baird gave the first demonstration of practical television. In that 
same decade he also undertook pioneering work on the swept-volume volumetric approach. 
Interestingly, the static-volume paradigm has an even longer history, pre-dating the swept-
volume technique by almost twenty years. Initial work in this area is outlined in a patent that 
was filed by Emile Luzy and Charles Dupuis in 1912 (French Patent Number 461,600) (see 
Figure 9.20). This system employs two non-visible, spatially modulated beams that are 
projected into a 3D volume (image space). Spatial modulation is achieved by passing the 

                                                
21 For brief discussion on the classification of volumetric systems see, for example, Blundell and Schwarz [2002]. 
22 Attributed to Denis Diderot (1713-1784). 
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beams through a stereogram such that one beam projects the left-hand stereo view and the 
other beam the right-hand view. Within the image space (which can be seen on the right of 
the illustration), interaction between the beams and the medium is such that a visible change 
occurs within the regions in which the radiation from both beams is present. In this 
connection, the inventors write: 
 

‘Cet effet puisse être obtenu par la somme des deux radiations considérées, tandis que chacune 
d’elles agissant seule ne produirait aucune action. Supposons, d’autre part, un milieu solide, 
liquide, gazeux ou colloidal… ce milieu, absorband l’énergie des radiations invisibles, pourra 
la restituer sous forme d’énergie lumineuse...’ 

 
A loose translation of which is: 
 

‘This effect [visible change] is obtained by the combination of the two projections, whereas 
each alone would have no effect. Suppose also that we have a medium, being solid, liquid, 
gaseous or colloidal… this medium absorbing the energy of the invisible radiation, will be able 
to transform it into visible light…’  

 
There can be little doubt that early in the twentieth century the inventors would have 
encountered some difficulty in identifying a material which visibly responded only to the 
presence of both beams (in an efficient manner). However, putting this practical problem to 
one side, the display technique proposed by Luzy and Dupuis can be viewed as an optical 
system which it was hoped would ‘extrude’ a physically three-dimensional rendition from 
some elementary forms of stereoscopic image (particularly certain wireframe geometrical 
entities). The reader is left to ponder on the limitations of this approach (for example, 
consider the ability (or otherwise) of this technique to create 3D volumetric renditions of the 
two elementary stereo pairs presented in Figure 9.21). 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 9.20: In 1912, Emile Luzy and Charles Dupuis filed a patent briefly outlining a 
3D display. To date, the author has been unable to discover any earlier proposal for a 
static-volume volumetric display. This system employs two non-visible spatially 
modulated beams that are projected into an image space. Spatial modulation is achieved 
by passing the beams through the left and right views of a stereopair. See text for 
discussion. (Reproduced from French Patent Number 461,600.) 

 

The DepthCube display (see Figure 9.22) provides a convenient example of a 
straightforward and highly effective approach to the implementation of a static-volume 
display. Here, the image space is formed from a stack of some twenty liquid crystal panels, 
each of which can be individually switched between transparent and highly scattering states. 
Each panel is separated from its neighbours by an appropriate amount, and a DLP projector 
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is used to cast a repeated sequence of image slices into the image space (the projector and 
associated optics being located at the rear of the display). As the projector sequences through 
the image slices, the LCD panels are briefly, sequentially switched to the scattering state. Thus 
an image slice becomes visible at a depth within the image space as defined by the location of 
the LCD panel that is in a scattering state at the time of its projection. This approach 
supports a homogenous image space (both with respect to voxel placement and light 
propagation) and exhibits a fill factor of 100%. It may be considered to represent a ‘solid 
state’ version of a swept-volume display employing the translational motion of a planar screen 
(optical modulation rather than physical motion being used to select the depth plane on 
which voxels are activated). For further discussion, see Sullivan [2003, 2004], Brown [2007], 
and US Patent 6,100,862.23 A further related technology employs a stack of transmissive LCD 
panels that are illuminated with polarised light (in this embodiment, individual elements 
within each panel can be addressed) - see US Patent 5,745,197. 
 
 
 
 
 
 
 
 
 

(a)      (b) 

  
Figure 9.21: The reader is left to consider the ability (or otherwise) of the display 
technology proposed by Emile Luzy and Charles Dupuis in 1912 to ‘extrude’ 3D 
volumetric renditions of these two simple stereo geometries. 

 
Alternatively a static-volume image space may be formed using a homogeneous solid, a liquid 
or gas within which visible voxels may be formed. Over the years, a number of static-volume 
methods have been investigated. One approach employs the stepwise excitation of 
fluorescence. In this scheme, two beams (usually infrared) are directed into the image space. 
Where they intersect, the material is excited to a fluorescent state and subsequently emits 
visible light (a voxel is formed). See, for example, Zito [1963], Zito and Schraeder [1963], 
Lewis et al. [1971], Barnes et al. [1974], Verber [1977], Kim et al. [1996], Downing [1996], 
Ebert et al. [1999], Langhans et al. [2003], Refai [2009], Blundell and Schwarz [2000], Schwarz 
and Blundell [1993], Blundell [2007], and US Patents 3,609,706, 3,829,838 and 4,881,068. 

In principle, this general approach provides an elegant solution to the implementation of a 
volumetric display. However, static-volume systems employing a non-gaseous form of image 
space medium exhibit optical distortion at the image space boundary and in addition, as the 
image space dimensions are increased, weight is likely to become an issue. In this latter 
respect, consider a hypothetical cubic image space with sides of length 40cm. If this were to 
be formed from water its mass would be ~64kg, and in the case of glass ~166kg!  Thus the 
gaseous approach offers the best solution as it offers a homogeneous image space with low 
mass and minimal boundary refraction (assuming that a thin-walled containing vessel is 
employed). For most useful discussion on the stepwise excitation of fluorescence in a gaseous 
medium, see US Patent 4,881,068 (this patent is reviewed in Blundell [2007]). 

Miyazaki et al. [2005] discuss the formation of voxels within a fluoride glass block24 doped 

                                                
23 Also see ‘Depth Cube Technology White Paper’ http://www.info@lightspacetech.com (last accessed December 
2010). 
24 ZBLAN: zirconium, barium, lanthanum, aluminium, sodium. 
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with rare-earth ions such as Pr3+, Er3+ and Tm3+ using a single focused laser beam (voxels 
being generated within the region at which the beam is brought to focus). Chekhovski and 
Toshiyoshi [2007] outline the formation of visible voxels within an image space formed from 
water using a focused laser for voxel activation.25  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 9.22: The DepthCube display system. The image space is formed from a stack 
of some 20 liquid crystal panels, each of which can be individually switched between 
transparent and strongly scattering states. Prior to its depiction the image data set is 
ordered into a set of parallel slices which are sequentially projected into the image space 
in synchronism with the sequencing of the LCD panels. Thus an image slice becomes 
visible at a depth within the image space defined by the location of the LCD panel that 
is in a scattering state at the time of its projection. Unfortunately, as previously 
mentioned, conventional photography only captures pictorial cues to depth and so the 
natural and vivid three-dimensionality of the images created by this technology is not 
readily apparent from the photographs. (Photographs kindly supplied by Alan Sullivan 
and reproduced by permission. Copyright © A. Sullivan 2010.) 

 
Early experimental work in the implementation of a display employing two-photon 
absorption in dispersed quantum dots26 (semiconductor nanocrystals) is reported by Lima and 
Marinov [2010].27 This publication provides an interesting theoretical study of conversion 
efficiency together with basic experimental results (see Figure 9.23). A pulsed infrared laser 
beam is used for voxel activation – the beam being brought to focus at the appropriate depth 
within the image space. The wavelength of the emitted light is a function of the physical size 
of the nanocrystals and their composition. Such crystals offer high conversion efficiencies 
and so in principle are able to produce bright voxels without recourse to higher power laser 
sources. The authors analyse the light output (luminance (B)) and under typical conditions 
determine that: 
 

 .exp2

2 view

emi

exe
repxpp CLtfRICB 



     (9.5) 

 
 

                                                
25 Also see Hao et al. [2006] for discussion on the use of a focused laser (pulsed) in air. 
26 Inorganic crystalline particles formed from semiconductor(s) with diameters in the range 1 to 1000nm (or 
more typically 2 to 50nm). A ‘core/shell’ quantum dot comprises a semiconductor ‘core’ surrounded by another 
semiconductor which forms the ‘shell’. 
27 Also see US Patent Application US 2004/0227694 A1. 
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Where: 

2p   denotes the two photon absorption cross-section. 
C     denotes the concentration of quantum dots dispersed in the image space. 

   denotes the quantum efficiency of the material. 
Ip    denotes the peak intensity of the excitation source. 
Rx    denotes the voxel radius. 

t    denotes the laser pulse width. 
frep    denotes the laser pulse repetition frequency. 

exe   denotes the wavelength used for excitation. 

emi   denotes the emission wavelength. 

      denotes the effective absorption coefficient. 
Lview  denotes the optical path (within the image space) between the voxel and observer. 

 
The general form of this equation is reasonably intuitive – but the reader is referred to the 
theoretical analysis provided in the paper cited above. However, it is particularly interesting to 
note that under certain conditions the light output increases as the square of the peak 
intensity of the excitation source. Also note that as we might expect, the light output 
increases with the concentration of quantum dots. However, there is an optimum 
concentration – beyond which the nanocrystals will increasingly attenuate the light as it 
traverses the image space. This is brought about by a one-photon absorption process (the 
absorption and emission spectra of the quantum dots have considerable overlap). 

A further potential advantage to the use of quantum dots concerns the implementation of 
a full colour display – for, as indicated above, the emission wavelength is dependent on the 
size of a nanocrystal. Thus in principle, the primary colours may be generated by simply 
dispersing nanocrystals of different sizes throughout the image space and employing three 
suitable laser sources. However, complication is likely to arise as, for example, the laser 
exciting the quantum dots with peak emission in the blue region of the spectrum will also 
excite the dots responsible for the production of red and green light. 

In a further publication [Marinov et al. 2010] the researchers discuss work carried out in 
connection with the dispersal of quantum dots in aerogels (ultra light-weight transparent solid 
foams). In principle, these offer to address two key issues referred to above in connection 
with the formation of a solid image space – specifically boundary refraction and image space 
mass. Aerogels are discussed further in the later volumes of this work.      
  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 

Figure 9.23: A single green voxel generated by the 
focused beam of a 1064 nm Q-switched laser in a 
dispersion of 560 nm core-shell CdSe/ZnS quantum dots 
in toluene. Photograph taken using a 950-1070 OD7+ 
filter. The concentration of quantum dots is 7.97x1014cm-3. 
(Photograph supplied by Val Marinov and reproduced by 
permission. Image © V. Marinov 2010.) 
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Nayar and Anand [2007] describe a volumetric technology employing a static array of passive 
optical scattering centres (see Figure 9.24). These are initially formed at specified locations 
within a block of glass or transparent plastic material using a focused laser beam (laser 
induced damage causing the formation of small cracks due to localised heating.). The 
positioning of these scattering centres is such that each possesses unique coordinates in the 
horizontal plane. Voxel activation is achieved using an array of collimated light sources 
located below the glass block, with each source being able to address a corresponding 
scattering centre. The researchers write: 

 
‘Our displays use a simple light engine and a cloud of passive optical scatterers. The basic idea 
is to trade off the light engine’s 2D spatial resolution to gain resolution in the third dimension. 
One way to achieve such a tradeoff is to use a stack of planar grids of scatterers where no two 
stacks overlap each other with respect to the light engine’s projection rays. 

Such a semiregular 3D grid suffers from poor visibility. As the viewer moves around the 
point cloud, the fraction of visible points varies dramatically and is very small for some viewing 
directions. However, randomizing the point cloud in a specific manner consistent with the light 
engine’s projection geometry produces a remarkably stable visibility function.’  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 9.24: Images depicted using the volumetric display technology developed by 
Shree Nayar and Vijay Anand.  This employs a static array of passive optical scattering 
centres initially formed at specified locations within a block of glass or transparent 
plastic material using a focused laser beam (laser induced damage). The positioning of 
these centres is such that each possesses unique coordinates in the horizontal plane. 
Voxel activation is achieved using an array of collimated light sources located below the 
glass block. Each source is able to address a corresponding scattering centre. The 3D 
avatar depicted on the upper left comprises 127,333 voxels. In the lower set of three 
images, this avatar is photographed from three viewpoints. Upper and lower right-hand 
images depict 3D Pac-Man. For further discussion, see Nayar and Anand [2007]. 
(Images kindly supplied by Shree Nayar and reproduced by permission.) 
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Traditionally, volumetric display systems give rise to translucent images and so are unable to 
support the occlusion depth cue. Although, as previously mentioned, there are many 
situations where translucent images are desirable (e.g. when simultaneously visualising the 
form and location of internal entities such as cancerous tumours (recall Figure 9.18), 
mechanical structures, and the like), the ability to create ‘solid’ volumetric images offers 
numerous exciting opportunities. One approach to the formation of such images involves the 
creation of voxels that scatter incident light, as opposed to voxels that are active light sources. 
In principle this may be achieved by means of photochromic and thermochromic materials. 
In the case of the former, the material can be switched from one optical state (transparent) to 
another (scattering) by the application of radiation of an appropriate wavelength. Although 
such a material will then revert to its original state over time, this process can be expedited by 
the further application of radiation. That is: 
 

 
     A                        B 

 
 

Thus the application of radiation of wavelength 1 causes a change from state A to state B. 

The subsequent application of radiation of wavelength 2 reverses this process. For details of 
an investigation into the use of photochromic materials in connection with volumetric 
systems see, for example, US Patent 3,609,706 and 3,609,707.28 Here, laser radiation of 

wavelength 1 is directed into the photochromic material. At the point of penetration the 
material transitions to the scattering state, thereby preventing the radiation beam from further 
penetration into the material (see Figure 9.25). Consequently, a second laser beam of 

wavelength 2 is used to continually revert the material to its transparent state thereby 
enabling the first beam to penetrate, up to the depth at which the light scattering voxel is to 
be formed. A key issue with this approach concerns the need to order the voxel generation 
process so that a previously formed voxel(s) does not preclude (block) the activation of other 
voxels located elsewhere in the image space. For further discussion, see Blundell [2007], Kiss 
[1970], Araujo [1985], and Trotter [1991].  
 
 

 
 
 
 
 
 
9.2.3 Hybrid Volumetric/Multiview Techniques 
In Section 8.2.3.2 we briefly referred to Robert Collender’s Stereoptiplexer which employs a 
moving slit and offers to support both motion parallax (in the horizontal direction) and image 
opacity. Several current technologies seek to achieve similar goals and, in essence, are 
fundamentally based on principles that underpin the Stereoptiplexer.  

One system employs a hybrid technology which may be viewed as a swept-volume 
multiview display (see US Patent 7,277,226). This builds on the Perspecta system (referred to 
in Section 9.2.1) by changing the form and functionality of the SOE. As with other swept-
volume displays, in its standard configuration the Perspecta employs an SOE which is 

                                                
28 These two patents are practically identical – the second simply appears to address a key omission in the first. 

1 

2 

Voxels which scatter incident light offer to support image opacity – thereby 
enabling the volumetric display modality to embody many of the visual 
characteristics that we associate with traditional sculpture. In such a scenario, 
image visibility is achieved by external light sources, leading to the formation of 
natural shadows and shading.  
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essentially omnidirectional29 in its transmission of light. However, in order to implement a 
swept-volume multiview display, the standard screen is replaced with a Fresnel lens to which 
an anisotropic optical diffusing surface is attached. As a consequence, when an image is cast 
onto the screen its projection is confined and can only be seen across a narrow range of 
viewing positions located directly in front of the Fresnel lens/diffuser combination.30 Thus as 
the SOE rotates a sequence of views are ‘beamed out’ - each providing a unique view onto an 
image scene – matching the angular position (and hence viewpoint) with the appropriate 
geometrical perspective.31  

 
 
 
 
 
 
 
 
 
 
 
 

Figure 9.25: The formation of an opaque (light scattering) voxel. At the point at which 

the laser beam of wavelength 1 enters the image space, the material transitions to a 

scattering state. This precludes further beam penetration. A second laser beam acts as 
an eraser – by moving back and forth along the trajectory of the first beam - thereby 
reverting the material to its transparent state. This process continues until the first beam 
has penetrated up to the depth of the desired voxel location. 

 
In an alternative embodiment, the rotating SOE is eliminated and replaced with a static 
cylindrical structure that takes the form of a vertical optical diffusing element. Image views 
are projected onto this cylinder directly by the rotating optical components. The function of 
the cylinder is to cast each view into an appropriate viewing zone. For further discussion see 
Cossairt et al. [2007], and US Patent 7,277,226. 

One key advantage of these two approaches is their ability to support the formation of 
opaque images while retaining horizontal parallax. Unfortunately vertical parallax is not 
satisfied - but for some applications, and given the advantages that can potentially be derived 
from the formation of ‘solid’ images, this may be an acceptable limitation.  

Tanaka and Aoki [2006] describe an image capture and all-round view display technology 
called LiveDimension. Image capture is achieved by means of a plurality of cameras arranged 
in a circle around an object. The display system comprises a similar number of DLP 
projectors located around a rapidly rotating screen. Either surface of the rotating screen is 
equipped with a light collimating film which act as a set of vertical louvers and ensures that a 
viewer is only able to observe images cast onto the screen by the appropriate projector. In 
their publication the researchers report the projection of image sequences comprising 430 by 
770 pixels with a frame rate of 45Hz. Also see US Patent 6,487,020 which combines the 

                                                
29 In fact, in the case of an SOE exhibiting truly omnidirectional characteristics, the visual dead zone would be 
eliminated.  
30 The diffusing surface enlarges the extent of each viewing zone in the vertical direction and limits/defines the 
extent of each viewing zone in the horizontal (angular) direction. Thus a set of well-defined rectangular viewing 
zones can be created around the rotating SOE. 
31 This approach can be loosely conceptualised by analogy to a traditional light-house employing a rotating 
beam. 
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lenticular and swept-volume approaches, and US Patent 7,364,300. 
A further display that combines volumetric and multiview techniques is reported by Jones 

et al. [2007]. Again this supports all-round viewing and is based on a high-speed video 
projector used in conjunction with a rotating mirror equipped with a light collimating 

element. A set of angular viewing zones is formed (these being spaced at 1.25). The SOE 
rotates at 20Hz – thus suggesting a need to render and output ~5760 images per second.  

The interested reader is also referred to Ebisu et al. [2007] and US Patent 7,023,466 B2. 
   

9.3 TOWARDS AN ETHEREAL IMAGE SPACE 
‘This fellow's wise enough to play the fool,  

And to do that well craves a kind of wit.’32 
 
As we have seen, volumetric display systems are characterised by their ability to support the 
depiction of images that occupy three spatial dimensions, and invariably this paradigm gives 
rise to the ‘physical’ form of image space (recall Figure 7.1 and discussion in Section 7.2.3). 
Unfortunately the techniques and/or components used in the construction of such an image 
space prevent the insertion of physical interaction tools and so, when the direct interaction 
modality is to be adopted, the interaction space cannot coincide with the image space. In 
contrast, the ‘ethereal’ form of image space imposes no such limitation. Consequently, when 
direct interaction is to be employed (enabling, for example, support for haptic feedback) it is 
necessary to devise techniques that enable the projection of the physical image space into its 
ethereal equivalent. 

As discussed in Chapter 7, the concept of an ethereal image space is by no means new and 
played a crucial role in the Phantasmagoria experience. It was during this period that the 
Megascope was developed and Sir David Brewster made the proposal for the ‘Catadioptrical 
Phantasmagoria’ (recall Section 7.5) – both of which were able to project the image of 
physical 3D objects into ethereal space.33 Over the years, interest in optical systems able to 
achieve such projections has continued and some aspects of this history are outlined in 
Blundell [2007]. Here we simply mention several exemplar approaches able to support the 
formation of types I and II ethereal image spaces.34  
 

9.3.1 Projections to form a Type I Ethereal Image Space 
Below we outline three simple optical techniques that are able to project a physical object into 
type I ethereal space (also recall Section 7.2.4 and Figure 7.7):35  
 
1. A Simple On-Axis Projection: A patent filed in 1910 (US Patent 995,607) describes a 
rudimentary optical arrangement intended to project the image of a physical object - see 
Figure 9.26. Subsequently, a patent filed in 1922 (US Patent 1,552,451), identifies a key 
problem associated with this projection technique: 

 
‘It has been attempted in the past, to produce an image of an object by means of a reflecting 
element but in order to produce a true [undistorted] image with a single reflector, it is 
necessary to place the object on the axis of the reflector, the result of which is that the image will 
be formed in a plane substantially at right angles to the same axis; hence the presence of the 
object or other element or elements of optics will interfere with the passage of the reflected light 
rays, and in this way, a very serious practical difficulty arises.’ 

                                                
32 William Shakespeare (1564-1616). 
33 The author has no information on whether the Catadioptrical Phantasmagoria was constructed. 
34 The interested reader is also referred to Lee et al. [2007]. 
35 Patents describing optical projection systems abound. See, for example, the following US Patent Applications: 
2006/0017653 A1, 2010/0066978 A1, 2010/0110384 A1 and 2009/0180075 A1. 
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The inventor goes on to describe an alternative projection arrangement comprising two 
converging and two plane mirrors (see Figure 9.27). 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 9.26: The rudimentary projection system described by Hans Kempinski in 1910 
which employs a single converging mirror to project an image of a physical bottle of 
wine. This flawed arrangement was intended for use in shop window displays. 
(Reproduced from US Patent 995,607.) 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2. A Double Reflection Projection: In a patent filed in 1951 (US Patent 2,628,553) 
projection is achieved using two converging mirrors and a planar mirror which is silvered on 
both sides (see Figure 9.28).  
 
3. A Double Concave Mirror Arrangement: Despite the sustained interest in projecting 
images of physical objects into ethereal space, to date relatively little work has been carried 
out on the projection of volumetric images. The innovative work undertaken by Kameyama et 

 

 

Figure 9.27: In a 1922 patent Harry Roach 
describes a simple optical system able to 
project an image of a physical object into 
an ethereal (type I) image space. This 
employs two converging mirrors (1) and 
(2), and two plane mirrors (14) and (15). 
The object is labelled (12) and the image 
(13). (Reproduced from US Patent 
1,552,451.)  
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al. [1993] (recall Figure 7.7) represents a key exception.36 The general lack of progress in this 
area has arisen because researchers have primarily needed to focus on the visual 
characteristics of their display technologies and so have simply had insufficient time to place 
equal emphasis on the opportunities that the ethereal form of image space offers for 
advancing the interaction process. However, there are indications that this situation is 
gradually beginning to change.  

For an example of a projection arrangement (specifically intended for use with volumetric 
technologies) see US Patent Application (US 2010/0149182 A1) filed in December 200837 and 
assigned to Microsoft Corporation. This employs the mirror arrangement previously 
illustrated in Figure 7.8.38 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
Figure 9.28: A further example of an optical projection arrangement. This is described 
in a patent filed by Robert Oetjen in 1951. The mirror (8) is silvered on both its front 
and rear surfaces and is equipped with a small hole (9). (Reproduced from US Patent 
2,628,533.) 

 

9.3.2 Projections to form a Type II Ethereal Image Space 
Below we briefly outline two exemplar techniques that are able to support the formation of a 
type II ethereal image space:  
 
1. A Multiplanar Water Screen: In Section 7.2.1 we briefly discussed the projection of 
monocular images onto water-based screens. Ongoing research at Carnegie Mellon University 
(USA) focuses on the use of a plurality of water screens which form a series of image depth 
planes. A DLP projector comprises the image element activation subsystem. Each plane is 
formed from discrete water droplets which are generated under computer control – so that 
each set of water droplets remains in line of sight of the projector. Thus droplets in any plane 
can be addressed by the projector throughout the period of their transit. A camera system is 
used to monitor the positions of droplets – thereby ensuring that a droplet is addressed when 
it lies in the required spatial location. An exemplar image depicted on this system (‘AquaLux 
3D’) is reproduced in Figure 9.29. The researchers write:    
 

                                                
36 Also see US Patent Application 2006/0158614 A1. 
37 Published in June 2010. 
38 The use of this optical arrangement for the projection of volumetric images into free space was in fact placed 
in the public domain sometime earlier (Blundell [2006, 2007]). The patented display architecture uses the SOE 
arrangement illustrated in Figure 9.6. For details of an earlier use of this approach in the implementation of a 
volumetric system see US Patent 5,042,909, together with European Patents 310 928 A2, and 0491 284 A1 (filed 
by Felix Garcia and Rodney Williams in 1990).  
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‘To create a multi-dimensional display using water drops… needed to be able to target 
individual drops and to direct light between drops so that multiple layers of drops could be 
illuminated. So they developed a tightly coupled system that enabled them to generate rows of 
drops by using computer-controlled manifolds. By synchronizing the timing of drop generation 
between the rows, they ensured that drops in the front rows did not block the drops in the back 
rows. A camera tracks the positions of the drops, so a projector can independently target each 
row of drops. 

The system can generate drops at the rate of 60 per second …increasing the number of 
drops per second increases the brightness of the display. The Carnegie Mellon researchers have 
demonstrated the display with four linear layers of drops and a single projector, but … there is 
no limit to the number of layers and projectors that could be employed and that the drops could 
be arrayed in patterns other than linear rows.’39 

 
For further discussion see Barnum [2010]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 9.29: The ‘AquaLux 3D’ display employs a set of stacked water screens. The 
water droplets that form the screens are released under computer control and their 
spatial location is monitored using a video-based imaging system. Voxel activation is 
achieved by means of a DLP projector and the control system ensures that each droplet 
can be addressed by the projector at any time. (Photograph kindly supplied by Byron 
Spice and reproduced by permission. © B. Spice 2010.) 

 
2. Projection into a Particle Cloud: It is perhaps appropriate to conclude this brief section 
by reference to an innovative volumetric display paradigm that supports the production of 
images in an ethereal type II image space.40 A patent application filed in 2003 (US Patent 
6,997,558 B2) describes an image space formed from dust particles which are in continuous 
motion within the confines of a surrounding air curtain. These measure ~0.5-1.0mm and are 
not to be visible to eye under ambient lighting conditions. Two laser beams simultaneously 
scan this volume. The first (a non-visible beam) is used to determine the instantaneous spatial 
coordinates of dust particles that are currently in line-of-sight. If a particle’s instantaneous 
position corresponds to the location of a voxel in the image data set, the second laser beam is 
momentarily turned on causing visible light to be scattered by the dust particle. The general 
form of the display apparatus is depicted in Figure 9.30. 

                                                
39 Reproduced from a press release (6th July 2010) communicated by the Department of Media Relations, 
Carnegie Mellon University, USA. 
40 Also see US Patent 6,857,746 B2. 
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 (a)     (b) 

 
Figure 9.30: A volumetric display system that forms images within an ethereal (type II) 
image space, rather than the usual physical image space associated with practically all 
volumetric embodiments. In (a) the overall display apparatus is shown. Radiation from 
the non-visible (infrared) and visible lasers is combined and is simultaneously scanned 
through an ethereal image space formed from continuously moving dust particles. The 
non-visible laser is used to determine the instantaneous position of dust particles and 
when a particle is found to be located at a position corresponding to the location of a 
voxel in the image data set, the visible laser is momentarily turned on (via the beam 
modulator). Hence light is scattered by the dust particles and a visible voxel is formed. 
Diagram (b) depicts one form of the apparatus used to determine the depth of a dust 
particle within the image space. Non-visible radiation scattered by a particle passes back 
through the scanning apparatus and converging lens. It then impinges on a series of 
ring-shaped photodetectors. The depth of the particle within the image space is 
determined from the degree to which the returned radiation impinges on individual 
detector rings. (Adapted from US Patent Application 2004/0218148 A1.)    

 
9.4 VARIFOCAL SYSTEMS 

‘Could Hamlet have been written by a committee,  
or the Mona Lisa painted by a club?  

Could the New Testament have been composed as a conference report?  
Creative ideas do not spring from groups.  

They spring from individuals.’41 

 
From the mid 1960’s through until the late 1980’s, the varifocal mirror technique was the 
subject of considerable research interest, with particular emphasis being placed on the 
application of this display paradigm to the depiction of medical data sets. The basic concept 
of this display modality is illustrated in Figure 9.31. In this simple configuration a flexible 
reflective surface is mounted on a loudspeaker that is driven by a sinusoidal signal at a 
frequency of ~30 Hz. The ensuing pressure variation creates a curved mirror that has a 
continually changing focal length. Image sequences depicted on a flat-screen display may then 

                                                
41 Attributed to A. Whitney Griswold (1906-1963).  
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be projected onto the mirror in synchronisation with its motion. One advantage of the 
varifocal mirror approach is its great simplicity and the fact that a relatively small amplitude of 
motion of the mirror provides a much larger depth of image space. Let the diameter of a 
varifocal mirror be denoted d, the distance between the mirror and flat panel display u, and 
the maximum displacement of the mirror xmax. Then the location of the image that is formed 
(v(t)) is given by: 
 

 ,
dtsinxu16

ud
~)t(v

2

max

2


    (9.6) 

 

where =2f (see, for example, Blundell [2007]). By way of a simple numerical example, 
consider a varifocal mirror with a diameter of 40cm whose peak-to-peak displacement is 
4mm, and let us assume that an object is located 80cm from the pole. Between the two 
extremes of mirror motion the image will shift in position by ~26cm. Unfortunately, the 
magnification of the mirror is also a function of its curvature and so, as loosely indicated in 
Figure 9.31, the image space takes the form of a frustum of a rectangular pyramid (although 
this effect can be ameliorated by continually adjusting the size of the displayed image slices in 
accordance with mirror curvature).  
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 9.31: The general principle of operation of the varifocal mirror display. The 
loudspeaker is driven with a sinusoidal signal and deflects the reflective Mylar mirror 
between concave and convex states. Images slices are projected onto the mirror from a 
planar screen - these being depicted in synchronism with the mirror’s motion. Three 
indicative image planes are shown. In terms of the terminology introduced in Chapter 7, 
this constitutes a type I virtual image space. In an alternative configuration, a beam-
splitter is interposed between the planar screen and varifocal mirror (see, for example, 
King and Berry [1970]). (After Rawson [1969].) 

 
In Figure 9.32 two stereograms are reproduced which illustrate a simple experimental 
varifocal display in operation, and in Figure 9.33 the general form of a varifocal display is 
depicted. The generation of acoustic noise resulting from the vibration of the mirror (at a 
frequency of ~30Hz) is often considered to be a serious issue. However, there are a number 
of ways to address this matter and it is certainly does not pose an insurmountable problem. 
For example, some thirty years ago, Lawrence Sher developed a technique employing a 
mechanically based noise cancellation system (US Patent 4,130,832). 
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Figure 9.32: The upper stereogram shows simulated air traffic control data depicted on 
a varifocal system prototyped by Alan Traub in the 1960’s. An oscilloscope serves as 
the flat panel display, image slices from which are reflected by the varifocal mirror 
(shown to the right). Notice that when viewed as a stereopair the varifocal image 
appears to lie behind the varifocal mirror (a type I virtual form of image space). The 
lower stereogram also shows an experimental form of varifocal system. Here, a simple 
Lissajous figure is depicted on the classic Tektronix oscilloscope (this type of 
oscilloscope is fondly remembered by the author, especially for its excellent capabilities 
in warming cold laboratories in wintertime…). When the stereopair is fused, the 3D 
nature of the Lissajous figure reflected in the varifocal mirror is evident. (Reproduced 
by permission from Traub [1967]. Copyright © 1967 Optical Society of America.) 

 
Despite the excellent results obtained with varifocal configurations (see, for example, Figure 
9.34), interest in this area was not sustained. A commercial varifocal system was developed by 
Genisco (operating under licence from Bolt, Beranek and Newman (BBN)) in 1981, but this 
venture was not successful. Subsequently, Lawrence Sher developed a small inexpensive 
system but this venture also appears to have floundered.42 Writing in McAllister [1993], Sher 
makes a comment that could also be applied to numerous other viable and worthwhile 3D 
systems: 

                                                
42 It is likely that debacles over intellectual property rights may have created significant difficulties in the 
commercialisation of this technology. 

 

 



Chapter Nine  •  Autostereoscopic: Class II                                                                                                343 

 

 

 

‘Many large-scale commercial exploitations of this technology have been contemplated, but so far 
none has been attempted.’ 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 9.33: The projection arrangement employed in a varifocal mirror display 
discussed by Henry Fuchs et al. [1982]. Note that the CRT-based projector is located 
above the varifocal mirror. (Photographs reproduced courtesy of the Department of 
Computer Science, UNC, Chapel Hill, USA.) 

 
In 1987 David Kennedy and Alan Nelson applied a BBN SpaceGraph varifocal mirror 
display to medical imaging (specifically in the area of brain anatomy and in the analysis of 
bifurcation of the carotid artery as revealed using magnetic resonance techniques) [Kennedy 
and Nelson 1987]. Harris et al. [1986] undertook parallel activity – they write: 
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‘Three-dimensional display of stacks of tomographic images, utilizing a varifocal mirror display 
system, addresses the fundamental dilemma that while tomographic images contain no 
superposition, they also contain no three-dimensional information even though comprehending 
three-dimensional shapes and/or spatial relationships is often desirable, if not vital. For 
example, an image of an oblique section may, on one hand, provide an unambiguous view of a 
slice through an organ but still be completely useless if the viewer does not understand the 
orientation of the slice with respect to structures of interest. The fact of this fundamental 
limitation of tomography is reinforced by the observation that even in magnetic resonance 
imaging, where the orientation of the scanning plane is not constrained by a physical gantry, 
only the relatively few “standard” image orientations are generally utilized. 

When insight such as appreciating 3D spatial relationships or shape is required, 2D 
display of tomographic images is one dimension short. Generally, this shortcoming is overcome 
by generating multiple parallel tomographic images which span the anatomic extent of the 
organ(s) of interest. The required insights are gained by mentally assembling the organ shape 
while viewing the multiple images one after another or arranging the images in a “multiformat” 
2D array.’ 

 
For further discussion see, for example, McAllister [1993], Blundell [2007], McKay et al. 
[1999a,b], [Rawson 1968, 1969], Traub [1967], Fuchs et al. [1982], Harris [1986], Harris et al. 
[1988], Kennedy and Nelson [1987], Sher [1988, 1993], and Udupa [1983]. For discussion on 
the use of a varifocal mirror in a 3D imaging system able to support the precise measurement 
of shapes, see Ishii and Okada [2004]. 

 

 

 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

9.4.1 Hybrid Varifocal/Stereoscopic Techniques 
Growing awareness of the possible ramifications of accommodation/convergence breakdown 
(which, as previously discussed, is associated with display technologies that are fundamentally 
based on the principles of the stereoscope), has led researchers to investigate a range of 

Figure 9.34: The application of a varifocal 
display to brain anatomy. As with images 
depicted on a volumetric display, it is 
difficult to meaningfully photograph 
varifocal images using conventional 
techniques. (Reproduced by permission 
from Kennedy and Nelson [1987]; © 1987 
IEEE.) 
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possible solutions. One of several innovative approaches seeks to combine aspects of the 
varifocal and stereoscopic display paradigms [Love et al. 2009].  

Here, several plano-convex birefringent lenses (formed from calcite) are interspersed with 
ferroelectric liquid crystal modulators, as indicated in Figure 9.35. A birefringent lens is able 
to exhibit two refractive indices (referred to as ordinary and extraordinary), as determined by 
the plane of polarisation of incident light. As a result of the different refractive indices, the 
lens exhibits two focal lengths. The ferroelectric cells are used to control the plane of 
polarisation of the light impinging on each lens (the signal applied to a cell switching the 

plane of polarisation of the emerging light through an angle of 90). Thus the overall focusing 
action of the set of lenses is controlled by the combination of signals applied to the 
ferroelectric cells, and if n lenses are used, the optical system can exhibit 2n focal lengths. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 9.35: The focusing action of four birefringent lenses. A set of n lenses is able to 
generate 2n planes of focus. However, as with the varifocal mirror technique, 
magnification is also controlled by the overall focal length of the lens system. (After 
Love et al. [2009].) 

 

Figure 9.36 illustrates the manner in which this system may be used to generate a virtual 
image space. Initially, the image scene is divided into a set of depth planes which are stored 
ready for output to the display. Signals are applied to the ferroelectric cells so as to repeatedly 
cycle through the optical system’s planes of focus, and in synchronism the image planes are 
output to the display. In this way each image plane is seen to reside at an appropriate depth 
within the virtual image space. Naturally, this approach relies on the lens system responding 
with suitable rapidity and, as with the mirror-based varifocal approach, image slices must be 
manipulated to ameliorate the lens system’s continually changing optical magnification.  
 This general approach can be extended to incorporate both binocular and possibly limited 
motion parallax. Interestingly, several recent publications which discuss the amalgamation of 
volumetric and stereoscopic techniques (to better support the harmonious operation of the 
oculomotor cues) refer to the formation of a ‘fixed viewpoint volumetric display’. Certainly, 
defining a single viewpoint onto a volumetric image scene offers certain advantages (such as 
the ability to use hidden line removal techniques (and hence support image opacity) together 
with the ability to introduce synthetic shadows and shading, specular reflection, and the like). 
However, if these advantages are achieved at the expense of motion parallax, then for many 
applications the usefulness of the technology is likely to be compromised.  
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In connection with a further approach to addressing the accommodation/convergence 
breakdown associated with the stereoscopic technique, see Akeley et al. [2004]. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 9.36: The use of a set of birefringent lenses (together with ferroelectric cells) to 
produce a virtual image space. Only four of the sixteen depth planes that could be 
associated with four birefringent lenses are indicated. (After Love et al. [2009].) 

 
9.5 DIRECT PROJECTION ONTO THE RETINA 

‘For oft when on my couch I lie 
In vacant or in pensive mood, 

They flash upon the inward eye 
Which is the bliss of solitude; 

And then my heart with pleasure fills, 
 And dances with the daffodils.’43 

 
The display techniques discussed so far support the depiction of images within some form of 
primary or secondary image space. However, recall that in Figure 1.13 we indicate that the 
image element generation and activation subsystems can, in principle, directly address the 
retina without the need for any intermediate image space (see, for example, US Patent 
5,467,104).  

This can be achieved by means of ‘retinal scanning’ displays which employ one or more 
modulated and directed laser beams to directly ‘paint’ image sequences onto the retina. The 
general architecture of such a display is illustrated in Figure 9.37. Here, a modulated laser 
beam sweeps out a raster scan (using acousto-optic deflectors). Subsequently, a deformable 
membrane mirror (DMM) is used to continually adjust the convergence/divergence of the 
beam before it enters the retina.  

In one particular embodiment, a frame buffer stores a panoramic view onto the image 
scene. The eye-tracking system monitors the direction of the eyes’ optical axes and the 
portion of the scene that falls within the user’s field of view is projected into the retina. The 
DMM varies the convergence/divergence of the beam incident on the eye so as to reflect the 
distance (within 3D perspective space) of each image component upon which the user fixates. 

                                                
43 ‘Daffodils’ by William Wordsworth. 
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Any advantages that may arise as a result of eliminating natural support for motion 
parallax (horizontal and vertical) are, in most cases, overshadowed by the 
disadvantages associated with loss in viewing freedom. 
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Thus in order to maintain focused retinal images, the visual system is driven to continually 
vary the physical shape of the eyes’ crystalline lenses, and in this way the depth cue of 
accommodation is (in principle) satisfied. Naturally, this display paradigm may be extended to 
support stereoscopic image depiction. 

Although there are clear advantages to this approach – especially in terms of 
miniaturisation and efficiency - the direct projection technique outlined above is not without 
significant implementation difficulties. Firstly, image formation is achieved through scanning 
one (or possibly several) laser beams, and so pixel formation is essentially sequential. This can 
restrict the scan/pixel resolution. Additionally, although in principle the DMM arrangement is 
capable of adjusting focus on a pixel by pixel basis, in practice the bandwidth supported by 
the DMM is likely to impose further restrictions on the pixel resolution. Furthermore, as this 
approach places the eye (and the visual system in general) within a closely coupled feedback 
loop, problems arising from latencies in eye-tracking and image update may be exacerbated. 

Overall it is advisable to exercise considerable caution when considering the short and 
long term impact of this interesting technique on the human visual system. For additional 
details see, for example, Schowengerdt et al. [2003], and Silverman et al. [2003]. For further 
general reading see Lewis [2004]. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 9.37: The general architectural arrangement of a monochrome ‘retinal scanning’ 
display. Naturally, this approach can be extended to support full colour, stereoscopic 
image depiction.  

 

 

9.6 DISCUSSION 
‘Too exhausted with effort to eat they fall 

Asleep; soft slumber seals their eyes up; 
The delirium dies in a dreamy swoon.’44 

 
A key issue with all 3D display technologies is the increased bandwidth needed to support the 
extra dimension of visual information. As the component technologies are usually pushed to 
their limits, this has often led to trade-offs being made in terms of reduced image resolution, 
a smaller image space, or a lower refresh rate. Figure 9.38 broadly summarises the flow of 
image data into a creative 3D display system. For a given 3D scene, the data must first be 
rendered or converted into inputs suitable for the display device itself. Then, once the data 
are prepared for display, the associated pixels or voxels must be physically activated by the 
display device so as to create the visible image. This depiction step is constrained by the 

                                                
44 Catullus, ‘Poems’. Translated by James Mitchie, Random House [1969]. 
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requirements of the human visual system (for example, an image must be refreshed with 
sufficient rapidity to minimise flicker and/or ensure smooth animation). We can associate 
bandwidths BW1 and BW2 with these two phases. In the case that the image is projected into 
a secondary image space, optical techniques are used. Consequently, the bandwidth associated 
with this process (BW3) usually places no significant constraints on data throughput. 

Consider the case of a temporally coded stereoscopic system. Firstly, the two views onto 
the 3D scene must be calculated at the rendering phase. The number of pixels to be rendered 
is (in principle) twice that of a corresponding monocular display system. However, as 
discussed previously, similarity between the two scenes can be exploited to reduce the 
rendering time. In the display phase, each 2-D view must be depicted in turn on the 2-D 
monitor. In this case, BW2 is set by the refresh rate and by the resolution of the display/ 
graphics hardware. Due to the temporal interleaving of the views, the refresh rate perceived 
by each eye will usually be half that of the standard 2-D configuration. Consequently, as we 
have seen, BW2 will typically be twice that required for the depiction of monocular images. 

 
 

 
 
 

 

 

 

 
 
 
 
 

 
 
 
 
 
 
Figure 9.38: A conceptualised schematic of the 3D display data pipeline. For a given 
3D scene, the data must be rendered into a form suitable for input to the display device. 
This computational stage has an associated bandwidth (BW1). Typically, the rendering 
algorithms are adjusted so that despite limitations in computing performance, real-time 
rendering rates can be achieved. This might involve limiting the number of points in the 
image so as to ensure satisfactory throughput. Normally, BW1 increases with 
improvements in computing power. Once rendered, the 3D image data must be 
generated within the primary image space. This physical image formation stage also has 
an associated bandwidth (BW2). This part of the system may involve customised 
interface cards and data buffers as well as the physical image formation mechanisms 
(image element generation and activation subsystems). Limitations here constrain the 
total number of points that can be displayed – or impact on image attributes. In the case 
that the image is cast into a secondary image space, optical techniques are employed. 
The bandwidth of this process (BW3) usually places no significant constraints on system 
performance.  

 
Volumetric display systems employing directed beams and exhibiting a low degree of 
parallelism in voxel activation have often been limited by BW2 - with it not being possible to 
address all potential voxel locations during each image refresh period. As a result, only the 
visible voxels (typically a small fraction of the set of available voxel locations) are activated - 
using a ‘dot graphics’ technique. Other approaches which, for example, use DLP projector(s) 
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exhibit a high degree of parallelism in voxel activation and can therefore support a 100% fill 
factor. 

Putting to one side interaction issues, we can consider the conventional flat-screen display 
(providing only monocular cues) as an electronic equivalent to the traditional artist’s canvas. 
The stereoscopic and multiview techniques provide additional non-pictorial cues and 
represent an extension of this paradigm. These approaches provide considerable flexibility 
because, as with traditional painting techniques, depth cues are synthetically created. 
Volumetric systems provide a 3D tableau for image depiction, and various depth cues are 
inherently associated with the image. Consequently, the volumetric paradigm is in many 
respects more closely aligned to sculpture (in its traditional form) than to painting on canvas 
or the like. This association is particularly valid for volumetric paradigms that offer to support 
image opacity through the formation of voxels that are able to scatter ambient light – thereby 
allowing the formation of natural shadows and shading. 

This chapter has briefly described a range of approaches to the implementation of class II 
autostereoscopic 3D display systems – a further example of which is depicted in Figure 9.39. 
It is the very diversity of possible techniques that may be brought to bear in the creation of 
3D displays that makes this a truly fascinating area of research. On the other hand, this has 
perhaps hampered commercial development, making it difficult to bring one approach to the 
fore - especially in the case of desktop systems. During the presentation of a paper45 before 
the Radio Section of the IEE on March 24th, 1948, various discussions took place. One 
participant (R.A. Smith, speaking in the context of the diversity of volumetric techniques 
(other approaches were not discussed)) commented: 

 
‘This paper gave me the impression that we are suffering from an embarrass de richesse; anyone 
coming into this field finds so many possible displays that he may be in doubt about which line 
to investigate...’ [Parker and Wallis 1949] 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 9.39: The Sony 360 view autostereoscopic display. The physical image space 
measures 13 cm in diameter and has a height of 27cm. Image resolution is indicated as 
96 by 128 voxels, with 360 viewpoints being created around the display volume. This 
represents a hybrid volumetric/multiview display technology and supports only 
horizontal motion parallax (Image reproduced by permission © Sony Corp. 2010.) 

 
During the intervening sixty years, many additional techniques have been prototyped and of 
course volumetric systems represent only one particular type of 3D display. Consequently we 
now have an even broader spectrum of possible approaches and it continues to be most 

                                                
45 The original publication by Parker and Wallis [1948] is highly recommended.  
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difficult for commercial entities to identify key architectures that should be turned into 
products. Parker and Wallis also commented:  
 

‘It is difficult to treat the problem theoretically, and detailed comparisons between different 
displays for different applications must await actual experience. We have no doubt about the 
fundamental possibility of usefully presenting three dimensions, but we are still sounding the 
problem before setting the course.’ 
 

Here again, little has changed. We still have insufficient experience in evaluating 3D display 
and interaction technologies across a range of key applications, but continue to have a strong 
belief in the benefits that they will ultimately offer. On this note perhaps it is appropriate to 
conclude both chapter and volume with a comment made by Eric Rawson [1969] (who, by 
way of context, was undertaking research into the varifocal approach at the time of the first 
expedition to the moon): 
 

‘A miniature television camera held by an astronaut made the beauty of the moon and earth 
vivid for millions of viewers. This same camera, when focused on instruments and controls 
within the Apollo 10 cabin, testified to the complexity of man-machine interactions. 

Much of the data involved in these interactions are three-dimensional in nature; and 
technologists have continually stressed the need for a good three-dimensional man-machine 
interface. The lack of such a device has forced us into unnatural compromises for data handling. 
For example, the three-dimensional positions of aircraft in the vicinity of an airport are 
presented on a two-dimensional interface – a cathode ray tube (CRT). If the aircrafts’ altitude 
are shown, they are represented by numbers painted besides the radar echo marks. Like the air 
traffic controller, the submarine commander who operates in a three-dimensional environment 
would probably be happier if he could replace his two-dimensional CRT sonar display with an 
equivalent three-dimensional man-machine interface…’ 

 
From a technical perspective, we are at last in a position to truly advance our interface with 
the digital domain through the development and ethical application of highly creative forms 
of 3D display and spatial interaction systems.46  
 
 
 
 
 
 

‘I saw grey geese flying over the flatlands 
Wild geese vibrant in the high air – 
Unswerving from horizon to horizon 

With their soul stiffened out in their throats – 
And the grey whiteness of them ribboning the enormous skies 

And the spokes of the sun over the crumpled hills.’47 
 

 
 
 
 
 

                                                
46 ‘Well, that’s what I think anyway.’ From ‘Mr Bean: the Movie’… 
47 From the collection ‘The Traveller and Other Poems’ by Iris Tree, Boni & Liveright [1927]. 
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Figure 9.40: In (a) a CT image of a patient’s skull displayed on the Perspecta 
volumetric display system using PerspectaRAD applications software. This image has 
been photographed stereoscopically and its three-dimensionality can be discerned by 
fusing the left and right views. For discussion on the evaluation of this system for use in 
radiation therapy treatment planning, see Napoli et al. [2008]. In (b) a rendered 
ultrasound scan of an infant’s face (pre-birth - at just over six months). This form of 
data is ideally suited for depiction on creative 3D display systems.  (Image (a) 
reproduced from Napoli et al. [2008] by kind permission of Dr Joshua Napoli. 
Copyright © SPIE 2008. Image (b) copyright © QSWFMB 2002.) 
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(b) 
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Figure 9.41: A further view of the image presented in Figure 9.40 and that is depicted 
on the Perspecta volumetric display system. (Reproduced by kind permission of Gregg 
Favalora. Copyright © G. Favalora 2010.) 

 



 

 

 
 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
As previously discussed, the basic principle of the stereoscope underpins many creative 3D 
display techniques, and in Section 6.3 we briefly reviewed the origins of this device. In this 
context, we referred to the controversy that arose between Charles Wheatstone and David 
Brewster. As we have seen, Brewster appears to have been intent upon denying Wheatstone 
credit for both his insight into stereopsis and for the invention of the stereoscope. Among 
other claims, Brewster suggested that Jacopo Chimenti da Empoli had understood the 
process of stereoscopic vision nearly 300 years earlier. Central to this assertion were two 
drawings attributed to Chimenti (see Figure A.1). In the brief account provided below we 
draw on the publication by Professor Nicholas Wade [2003].  

A student, Alexander Crum Brown (see Footnote 35 in Chapter 2), played a pivotal role 
in catalysing the intense debate that took place in connection with the Chimenti drawings. 
During a visit in 1859 to the Musée Wicar in Lille, he viewed these two rediscovered sketches 
which, by chance were hanging side by side. He was quickly convinced that they formed a 
stereopair from which a sense of relief could readily be derived by appropriately converging 
the eyes. He reported his observations by letter to James Forbes, the Principal of the 
University of St. Andrews. In turn, Forbes passed the letter to Sir David Brewster, and in 
view of his efforts to discredit Charles Wheatstone’s claim, Brewster must have perused it 
with considerable delight. Unfortunately, it appears that in his enthusiasm Brewster promoted 
Brown’s observations without having first viewed the sketches! In fact, it seems that he did 
not obtain photographs of the drawings until 1862 - when he presented them to a meeting of 
the members of the Photographic Society of Scotland. Here, Wade [2003] quotes Brewster as 
having indicated that: 

 
‘The full stereoscopic relief of Chimenti’s pictures was seen and acknowledged by all.’ 

 
 

APPENDIX: 
The Chimenti Controversy 

‘”O Merlin, tho’ you do not love me, save, 
Yet save me!” clung to him and hugg’d him close; 
And call’d him dear protector in her fright, 
Nor yet forgot her practice in her fright, 
But wrought upon his mood and hugg’d him close. 
The pale blood of the wizard at her touch 
Took gayer colours, like an opal warm’d.’ 
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Figure A.1: The Chimenti drawings, published in The Photographic Journal in April 1862. 
These are based on woodcut copies of the original drawings. Wade [2003] reports the 
originals as each measuring approximately 30 by 22cm. Alexander Crum Brown 
indicates that for optimal effect they were best viewed at a distance of 4 or 5 yards. The 
reader is left to consider the degree to which the binocular parallax cue to depth is 
satisfactorily incorporated in these sketches.  (Images kindly supplied in digital form by 
Professor Nicholas Wade.) 

 
Brewster also sought to form a link between the sketches and the possible invention of the 
stereoscope by Giovanni Battista della Porta. However the following passage from della 
Porta’s De Refractione treatise [della Porta 1593]) provides us with an insight into his true (and 
rather limited) understanding of binocular vision: 
 

‘Nature has given us two eyes, one on the right and the other on the left, so that if we are 
to see something on the right we use the right eye, and on the left the left eye. It follows 
that we always see with one eye, even if we think both are open and that we see with both. 
We may prove it by these arguments: To separate the two eyes, let us place a book before 
the right eye and read it; then if someone shows another book to the left eye, it is 
impossible to read it or even see the pages, unless for a short moment of time the power of 
seeing is taken from the right eye and borrowed by the left. We observe the same thing 
happening in other senses: if we hear someone talking with the right ear we cannot listen 
to another with the left ear; and if we wish to hear both we shall hear neither, or indeed if 
we hear something with the right we lose the same amount from the left. Similarly, if we 
write with one hand we cannot play a lyre with the other, nor count out coins. There is 
another argument. If someone places a staff in front of himself and sets it against some 
obvious crack in the wall opposite, and notices the place, then when he shuts the left eye he 
will not see the staff to have moved from the crack opposite. The reason is that one sees 
with the right eye, just as one uses the right hand and foot and someone using the left eye 
or hand or foot is considered a monster. But if the observer closes the right eye, the staff 
immediately shifts to the right side. There is a third argument - that nature made two 
eyes, one beside the other, so that one may defend a man from attackers from the right and 
the other from the left. This is more obvious in animals, for their eyes are separated by 
half a foot, as is seen in cattle, horses and lions. In birds one eye is opposite the other, con-
sequently, if things must be seen both on the right and on the left, the power of seeing must 
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be engaged very quickly for the mind to be able to accomplish its function. For these 
reasons the two eyes cannot see the same thing at the same time.’1  
 

Although relief may be observed in some areas of the Chimenti drawings the overall effect is 
not highly convincing, and Brewster generally failed to impress his peers. 

In Section 4.3.1 we alluded to the debate concerning the painting made by Filippo 
Brunelleschi of the Florentine Baptistery. It is unlikely that we will ever know with certainty 
the method that he used in obtaining accurate perspective - nor his reasons for requiring the 
viewer to observe the mirrored reflection of the painted scene. Similarly we are unlikely to 
ever fully appreciate why Michelangelo Buonarroti appears to have included a rendition of the 
human brainstem in his depiction of God’s neck in the ‘Separation of Light from Darkness’ fresco 
(recall Section 4.6). As for Chimenti – logically, we may perhaps suppose that had he been 
experimenting with stereoscopic drawing, a far simpler subject would have been chosen?  

In all three cases, we are left to ponder upon events and actions which took place some 
hundreds of years ago – sure in the knowledge that human behavior is seldom entirely logical.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

                                                
1Reproduced by kind permission of Professor Nicholas Wade, and with thanks to Helen Ross who translated 
this passage from della Porta [1593]. 
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‘Real vision is the ability to see the invisible’1 
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2D and 3D perspective space, 31 
3D physical space, 31 
3-DOF wand, 178 
6-DOF wand, 180 
 
‘A Matter of Life and Death’ (film image), 147, 148 
A/C breakdown, ameliorating the effect of, 218 
Abbatiale Ste Valérie, 112, 119, 134 
Abbé Hauy, 268 
Absolute depth perception, 78 
Accommodation, 76, 218 
Accurate mathematically-based perspective, 120 
Active barrier, 280 
Active surface of emission, 314 
Acuity, stereo, 216 
Aegis, 9 
Aerial perspective, 74 
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Airy disk, 41, 43 
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Alberti’s Methodology, example of, 127 
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Alexander Crum Brown, 58, 353 
Alhazen, 134 
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Analytical Engine, 6 
Anand, Vijay, 333 
Anatomical drawings, 133 
Ancient Mariner, 14 
Apollo 8, Christmas broadcast, 138 
Apollo Computers, 8 
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Applications, multifaceted, 22 
AR, 301 

origins, 249 
Architecture, pre-Renaissance, 112 
Argand lamp, 254  
Ariadne, 114 
Aristotle, 132 
Ascension Technology Corp., 182 
Astigmatism, 47 
Attributes, conventional display, 11 
Augmented information content, 17 
Augmented realism, 13 
Augmented reality, 301 

images, 304 
origins, 249 

Autostereograms, 209 
Autostereoscopic class I displays, characteristic 

summary, 306 
 

Babbage, Charles, 6 
Bacon, Roger, 115, 136 
Baird, John Logie, 3, 227, 236 
Bamiyan, Buddha statues, 119, 121 
Barium oxide dust, 262 
Bayer, Joseph, 223 
BBN, 342 
Bee, visual system, 50 
Bela Julesz, 211 
Berkley, Carl, 25 
Bétête, Château de Moisse, 260 
Binocular disparity, detection, 65 
Binocular parallax, 77 
Biographia Literaria, 14 
Birefringent lens, 344 
Birth of Mary (artwork), 110 
Bitmap, 7 
Blind spot, 35, 49, 50 
Bolt, Beranek and Newman, 342 
Brewster stereoscope (image), 193 
Brewster, David, 3, 191, 258, 261, 267, 298, 354 
Brocken Spectre, 268 
Brooks, Frederick P, 17, 21, 270 
Brunelleschi, Filippo, 121, 125, 355 
Burning lenses, 137 
Buswell, Guy, 56 
 
Calculating Machine, 6 
Cambridge Consultants (UK), 156 
Camera Lucida, 147 
Camera Obscura, 137, 146, 261 
Camera, volumetric form, 184 
Candela, 38 
Canesta Inc, 184 
Carnegie Mellon University, 338 
Catadioptrical phantasmagoria, 267, 336 
Cathode Ray Sphere (images), 311, 316, 321 
Cathode Ray Tube, 10 
CAVE, 298 

images, 300 
usage, 299 

Centre of projection, 123, 128 
CFF, 51, 85 
Chambon-sur-Voueize, 107, 112, 134 
Charbonneau, Albert, 270 
Charles Babbage, 6 
Château de Moisse, Bétête, 260 
Chemoreceptors, 91 
Chimenti controversy, 353 

images, 354 
Chimenti, Jacopo, 192 
Chromatic aberration, 46 

Index  
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Chromatic coding, 224, 236 
Classes of image space, 240 
Classification, display system, 190 
Coleridge, Samuel Taylor, 14 
Collender, Robert, 286 
Collimated view display, 284 
Colour  

Eyewear, 304 
spindle, 39 
vision, 36 

Company of Ladies Watching Stereoscopic 
Photographs (artwork), 118 

Computer graphics, 23 
Condivi, Ascanio, 140 
Cones, 48 

in several species, 59 
distribution, 49 

Conflict between depth cues, 78 
Contrast ratio, 39 
Conventional display, attributes, 11 
Conventional interface, 10 

limitations, 13 
Convergence, 76, 218 
COP, 123, 128 
Corresponding points, 207 
Creation of Adam (artwork), 141, 143 
Creation of the Sun and Moon (artwork), 140, 144 
Creative design, 18 
Critical flicker frequency, 51, 85 
Cross-talk, 223 
CRS (images), 311, 316, 321 
CRT, 10 
Cues to depth (summary), 72 
Cutaneous sensitivity, 92 
Cybersphere, 301 

image, 302 
 
D’Almeida, Joseph, 224  
Data  

pipeline, 348 
voxel 27 
volumetric, 26 

De Humani Corporis Fabrica, 133 
De Pictura, 127 
Dead zone, 315 
DeFanti, Thomas, 299 
Deformable membrane mirror, 346 
Della Pittura, 127 
Della Porta, Giovanni Battista, 136, 354 
Demonstration of geometrically accurate 

perspective in painting, 122, 125 
Depth cues, conflict, 78 
DepthCube display, 329 
Descartes, 137 
Diffraction in optical systems, 41 
Dircks, Henry, 250 
Direct interaction, 167 
Disparity 

horizontal, 215 
vertical, 218 

Dispersive signal technology, 174 
Display classification, 190 

Display  
dynamic multiview, 283 
multiview, 272 
parallax barrier, 273 
parallax barrier (geometry diagrams) 274, 275 
static-volume, 328 
subsystems, 28 
swept-volume, 313 
transient light output, 85, 316 
varifocal, 340 
Varrier, 276 

DMM, 346 
DN10000 (photo), 8 
DN330 (photo), 8 
Domenico Ghirlandaio (artwork), 110 
Dorsal and ventral pathways, 63 
Dot graphics (volumetric display), 322 
Drawing stereoscopic images, 231 
Dupuis, Charles, 3, 328 
Dürer, Albrecht, 132 
Durham Cathedral, 119, 120 
Dynallax 

display, 287 
image, 289 

Dynamic barrier 
electronic, 287 
forms of, 284 

Dynamic multiview display, 283, 287 
 
Early Visual Media website, 261 
Edgerton, Samuel (nature of perspective), 107 
Egyptian statues, lenses, 137  
Eidola, 132 
Eknoyan, Garabed, 145 
Electromechanical barrier, 284 
Electronic stereoscopic display, earliest, 294 
Electronic Visualization Laboratory (USA), 276, 

279, 287, 299 
Elliot, James, 192 
Ellis, Stephen, 123 
ELMO, 305 
eMagin Corp, 4 
Emmetropic eye, 34 
Episcope, 261 
Escaping Flatland, 20 
Eski Inc, 318 
Ethereal  

image space, 247, 252, 366 
type I, 248 
type II, 248 

Euclid, 124 
EVL (USA), 276, 279, 287, 299 
Extromissive sight, 129 
Eye  

diagram, 35 
as an optical instrument, 45 
movements, 52 
classes of cone, 48 
detection acuity, 68 
detection of colour, 59 
dynamic acuity, 69 
emmetropic, 34 
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evolution, 44 
localisation or Vernier acuity, 69 
number of receptors, 48 
photoreceptors, 45, 48 
range of sensitivity, 37 
refractive indices, 46  
resolution acuity, 68 
sensitivity to spatial frequency, 70 
spatial resolution, 66 
visual field, 66 

Eyeliner foil, 251 
 
Fakespace Systems, 301 
Familiar size, 76 
Fantasmagoria, see Phantasmagoria 
Favalora, Gregg, 13, 325 
Ferry-Porter Law, 85 
Field coding, 225 
Filippo Brunelleschi, 121, 125 
Fill factor, 323 
Fitts’ Model, 160 

application, 163 
simple derivation, 164 

Fixed viewpoint volumetric display, 345 
Flagellation of Christ (artwork), 108 
Flatland, 20 

quote, 240 
Flicker, 223 

fusion frequency, 85 
Flock of Birds technology, 182 
Fly’s eye lenses, 281 
Fog Penetrating Radar, 223 
FogScreen, 248, 263 

eZ projection screen, 263 
images, 266 

Formation of perspective drawing, example of, 130 
Forms of space, 30 
Fovea, 34 
Franciscus Aguilonius, 207 
Free image space, 247 
Friedrich, Caspar David, 75 
Friese-Green, William, 224 
FTIR, 174 
Fuchs, Henry, 343 
 
Ganglion cells, 50 
Genesis, passage, 138 
Genisco, 342 
Geometric disparity, stereogram, 245 
Geometrically accurate perspective painting, 

demonstration of, 122, 125 
Géométrie Descriptive, 11 
Geometry  

for linear perspective, 127 
of stereopsis, 206 

Gestalt Theory, 82 
Gesture-based interaction, 182 
Geta (Roman Emperor), 114 
Giotto di Bondone, 104, 120 

artwork, 105 
Goodrich, Samuel, 268 
Graf Zeppelin, 195, 209 

Grafacon, 157 
photo, 155 

Graphics, 23 
g-speak, 183 

images, 184 
Gulf of evaluation, 16 
Gulf of execution, 16 
Guyot, Edme-Gilles, 255 
 
Hairy skin, 94 
Halle, Johann Samuel, 252 
Halle, Michael, 247 
Hammond, Laurens, 221 
Hartwig, Rüdiger, 131, 195, 319 
Hartz Mountains, 268 
Head mounted display (photograph), 4 
Height in the visual field, 73 
Heilig, Morton, 294 
Helical SOE, volumetric display, 319 
Helmholtz, Hermann, 88, 97, 208 
Henry V, 14 
Hillman, Bill, 203, 254 
History, computers, 6 
HMD (photograph), 4 
Homogeneity (2D), 12 
Homogeneity, image space, 310 
Hooke, Robert (drawings), 135 
Horizontal disparity, 215 
Horizontal Parallax Only, 281, 309 
Horopter, 207 
HPO, 281, 309 
Human sensory systems, 89 
Hybrid  

varifocal/stereoscopic display, 344 
volumetric/multiview display, 334 

 
Illuminance, 38 
Illusionary nature of light, 36 
Image  

cross-talk, 223 
element activation subsystem, 30 
element generation subsystem, 29 
flicker, 223 
projection, retina, 346 

Image space  
apparent, 244 
characteristics, 310 
ethereal, 247 
free, 247 
forms of, 240 
physical, 246 
planar, 240 
uniformity, 327 
virtual, 249 

Image voxel, 28 
Immersion within synthetic environment, 293 
Immersive virtual reality, 294  

HMD, 3 
Innervation, sense of, 98 
Integral photography, 281 
Interaction  

events (touch), 169 
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paradigms, 166 
space, 154,159, 183 
spatial, 178 
tool evaluation, 158 
tools, 153 

Interface, conventional, 10 
Interposition, 73 
Intromissive sight, 129 
Iris, 47 
Isotropy, 310 
Ives, F E and H E, 227 
IVR  

decoupling from physical environment, 294 
origins (diagram), 296 
using HMD technology, 294 

Jacob Spoel (artwork), 118 
Jacopo Chimenti da Empoli, 353 
Jamot, Jean, 112 
Jean-Honoré Fragonard (artwork), 118 
John Logie Baird, 227, 236, 328 
Joystick, 157 

interaction space, 159 
Julesz, Bela, 211, 213 
 
Kaiser Panorama, 195 
Kameyama, ethereal type I image space, 248 
Kennedy, David, 343 
Kepler, Johannes, 137 
Kinesthesia, 96 
Kinetic depth effect, 77 
Knee controlled interaction device, 157 

photo, 155 
Kohler, Ivo, 81 
 
L’Escarpolette (artwork), 118 
Last Judgement (artwork), 139, 146 
Last Supper (artworks), 109, 134 
Lateral geniculate nucleus, 61 
Lenses in Egyptian statues, 58, 137 
Lenticular  

display, 3, 30, 227, 281 
sheet, geometry, 283 

Leon Battista Alberti, 127 
Leonardo da Vinci, 104, 246 

artwork, 109 
‘Letters On Natural Magic’, 258 
Life of Saint Francis (Giotto), 120 
LGN, 61 
Light energy, 37 
Light engine, 308 
Light, illusionary nature of, 36 
Light pen, 156 

interaction space, 160 
Lilley, David, 120 
Lincoln Wand, 179 
Linear perspective, 73, 107 

geometry, 127 
Lives of the Virgin and Jesus (Giotto), 120 
Locally coded systems, 224 
Louise de Lorraine, Queen of France, 260 
Low, A.M, 252, 262 
Lumens, 38 

Luminance, 38 
Lux, 38 
Luzy, Emile, 3, 328 
Lynes, John, 125 
 
M and P pathways, 65 
MacKay, D M, 24 
Magic lantern, 253 

exemplar illustrations, 254 
Mannoni, Laurent, 255, 260 
Maqam of Hariri: Stopping by a Village (artwork), 

106 
Marinov, Val, 332 
McGreevy, Michael, 123 
Mecanoreceptors, 91 
Mechanical motion and volumetric displays, 324 
Megascope, 261 
Meshberger, Frank, 140 
Michelangelo Buonarroti, 138, 355 
Micrographia, 135 
MicroHUD, 304 
Microsaccades, 52 
Microsoft Surface technology, 175 
Microvision Inc, 304 
Mobbs, Herbert John, 210 
Moire fringes, 280 
Moisse Phantascope, 261 

automatic mechanisms, 262 
Mondgang–am-Meer (artwork), 75 
Monge, Gaspard, 11 
Moonrise Over the Sea (artwork), 75 
Motion  

parallax, 77 
perspective, 77 

Motor  
cortex, 100 
pathways, 99 

Mouse 
interaction space, 159 
optical, 155  
original form, 155 

Moving slit form of barrier, 285 
Mr Bean, 350 
Multifaceted applications, 22 
Multiplanar water screen display, 338 
Multiple, simultaneous interaction, 169 
Multiview display, 272 

dynamic, 283 
Musion Systems Ltd, 251 
 
Napoli, Joshua, 351 
Natural perspective, 106 
Nayar, Shree, 333 
Necker Cube, 105, 245 
Nelson, Alan, 343 
Neuranatomy, Sistine Chapel frescoes, 138 
Nocioceptors, 91 
NRad, 18 
 
Oblong Industries, 183 
Occlusion, 73 
Oculomotor cues, 76 
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Opaque voxels, 334 
Optic  

chasm, 61 
nerve (diagram), 35 

Optical systems, 41 
Opus Majus, 116 
Opus Tertium, 136 
Origins of stereoscope, 191 
Orthographic projection, 11 
 
Panoramagram, 305  
Panum, Peter Ludvigh, 209 
Panum’s fusional area, 209, 215 
Parallactiscope, 297 
Parallax barrier display, 273 

 forms of, 273 
 geometry, 275 

Parallax cues, 77 
Parallelism in voxel activation, 320 
Passive surface of emission  

and DLP projector, 324 
and electron beams, 320 
and laser beams, 316 

PDA (electron gun), 321 
Pecham, John, 136 
Pepper, John, 250 
Pepper’s Ghost (Dirck’s), 249 

illustration, 252 
Pepys, Samuel, 253 
Perception  

of form, 81 
of space and form, 71 

Peripheral element technique, 170 
Personal Varrier (image), 279 
Perspecta  

display, 325 
images, 326  

Perspective  
drawing, example of, 130 
framework, example, 108 
pre-Renaissance, 106 
projection, 23 
space, 2D and 3D, 31 

Perspektrum, URL, 84 
Phantascope, automatic focus, 259 
Phantasmagoria, 252 

 description, David Brewster, 258 
 illustrations, 256 
 image defects, 298 
 poster (Gent), 257 

Photochromic-based display, 334 
Photographing volumetric images, 310 
Physical  

image space, 246 
space, 3D, 31 

Pictorial depth cues, 73 
Piero Della Francesca (artwork), 108 
PinPressions, 187 
piSight, 4 
Pixel, 27 
Pixmap, 7 
Planar image space, 240 

summary of characteristics, 242 
Planck’s Constant, 40 
Pompeii frescoes, 106 
Position sensing, 295 
Post deflection acceleration, 321 
Pre-Renaissance 

architecture, 112 
sources, 123 

Primary image  
depiction subsystem, 29 
space, 28 

Primary visual cortex, 63 
Projected capacitance, 172 
Projection  

constraint, 248 
for a type I ethereal image space, 336 
into a particle cloud, 339 
into smoke (photograph), 264 

Proprioception, 95, 97 
Pseudoscopic image, 194, 204, 205 
Pulfrich, Carl, 84 
Pulfrich Effect, 84 
Pursuit eye movements, 58 
 
Qin Dynasty, 115 
Quantum dots, 331 
 
Radiation therapy planning, 18 
Raffaello Sanzio (artwork), 111 
Ramón y Cajal, Santiago, 209 
Rand Tablet, 168 
Random dot  

autostereograms, 212 
autostereograms, examples of, 215 
stereopairs, 209 
stereopairs, examples of, 211, 214 

Rangitoto Island (image), 77 
Raphael (artwork), 111 
RAVE, 301 
Rayleigh scattering, 74 
Receptive field, 49, 53 
Receptors, human (response), 95 
Reflectance, 38 
Reflex feedback, 62 
Refractive indices within the eye, 46 
Re-imaging projection subsystem, 28 
Relative depth perception, 78 
Renaissance, 104 
Retina, 47, 51 

 direct image projection, 346 
Revolver, display, 318 
Robert, Etienne-Gaspard, 260 
Robertson, Etienne-Gaspard, 255, 258, 260, 263 
Rods, 48 

distribution, 49 
Rollmann, Wilhelm, 224 
Room of Masks (image), 107 
Rotating beer can (display), 222  
Royal Signals and Radar Establishment, 3 
Russo, Lucio, 106 
 
Saccades, 52, 53 
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Sainte Valérie (artwork), 107 
Sandin, Dan, 299 
Scalar field, 26 
Schmitt, Otto, 24, 221, 294 
Sculpture, classical, 113 
Secondary image space, 28, 192 
Sense of innervation, 98 
Sensics Inc, 4 
Sensorama, 295 
Sensory systems, human, 89 
Separation  

of Land and Waters (artwork), 140, 145 
of Light from Darkness (artwork), 140, 143, 

355 
Sequential 

continuous interaction, 169 
discrete interaction, 169 

Seurat, Georges, 36, 40 
Shading, 73 
Shakespeare, 14 
Shannon, Claude, 160 
Sher, Lawrence, 342 
Simulacra, 132 
Sistine Chapel frescoes, 138 
Slit stereoscope, 195 
Smoke, projection into, 255, 264 
Snell’s Law, 176 
SOE, 313 see also Surface of emission 
Sokolov, A P, integral photography, 281 
Somatosensory  

cortex, 100 
receptors, 91 

Sony 360 display, 349 
Space, forms of, 30 
Spatial  

coding, 226 
interaction, 178 

Spherical aberration, 46 
Static-volume displays, 328 

image space density, 330 
Stepwise excitation of fluorescence, 330 
Stereo acuity, 216 
Stereogram  

creation of, 232 
disparities in brightness and contrast, 206, 238 
disparities in size, 238 
examples of, 195 
increasing geometric disparity, 245 
simplest to fuse, 19  
varifocal display, 342 
volumetric image, 310 

Stereopsis, 77, 206 
Stereoptiplexer, 286 
Stereoscope, 3 

origins, 191 
Stereoscopic  

cinema, 221   
coding techniques, summary, 222 
display techniques, 220 
display, electronic, 24, 294 
fixation, 207 
images, drawing, 231 

photographs, 232 
Society (UK), 203 
television (Baird), 227 
views, computation for, 228 

Stereotactic neurosurgery, 18, 20 
Stratton, George, 80 
Subsystems, display, 28 
Suk, Ian, 140 
Suma mouse, 156 
Surface of emission, 313 

active, 314 
Surface  

overlay technique, 170 
rendering, 25 

Suspension of disbelief, 13 
Sutherland, Ivan, 24, 294, 297 
Swan’s Cube (reference), 226 
Swept-volume display, 313 

subsystems summary, 317 
 
Taleban, destruction of Buddha statues, 120 
Tamargo, Rafael, 140 
Taylor, Jason, 244 
Temporal resolution, 85 
Temporarily coded systems, 221 
Terracotta army, 115 
Tetrode, 25 
Texture gradient, 74 
Theories of vision, 129 
Thermoreceptors, 91 
TLO, 85, 316 
Touch screen  

dispersive signal technology, 174 
FTIR, 174 
infrared technique, 173 
projected capacitance, 172 
resistance technique, 170 
row and column technique, 169 
technologies, 168 

Transferred interaction, 167 
Transient light output, 85, 316 
Travis, Adrian, 181, 287 
Tremors, 52 
Troland, 38 
Tsunami Water Screens, 244 
Tufte, Edward, 20 
Two-photon absorption, 331 
 
Van Gogh (artwork), 150 
Vanishing point, 127 

pre-Renaissance, 106 
natural repositioning, 246 

Varifocal display, 340 
stereograms, 342 

Varrier display, 276 
Vergence, 58, 76 
Vermeer, Johannes (artwork), 117 
Vertical disparity, 218 
Vesalius, Andreas, 129 

drawings, 133 
Vieth-Müller, circle 207, 215 
Viewing arrangement, Brunelleschi, 122, 125 
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Viewing window, parallax barrier display, 274 
Viewpoint (fixed), 23 
Vincent, Gaston, 270 
Virgin of Pity (sculpture), 114 
Virtual image space, 249 
Virtual reality  

systems, 289 
title, 290 

Virtual space effect, 123,126 
Vision, understanding of, 129 
Visual  

angles (examples), 67 
dead zone, 315 
field, 66 

Volumetric  
data, 26 
form of camera, 184   
system, definition, 308 

Volumetric display, 3, 308 
 with helical SOE, 319 
 boundary refraction, 310 
 and mechanical motion, 324 
 image opacity, 309 

Voxel, 27 
activation capacity, 319 
activation time (components), 321 
opacity, 334 
ordering (diagram), 324 

VR systems, 289 
 
Wade, Nicholas, 355 
Walker, Patricia, 113 
Wallpaper effect, 210, 212 
Water screens, 241 

examples of, 243, 270 
Weber fraction, 101 
Wedding of the Virgin (artwork), 111 
Weynants, Thomas, 256, 257, 260, 267 
Wheat Field with Crows (artwork), 150 
Wheatstone, Charles, 3, 191 
Wheatstone and Brewster controversy, 192 
Wheatstone stereoscope (image), 194 
WIMP, 13 
Wordsworth, William, 14 
 
Xerox PARC, 7 
 
Yahya ibn Mahmud al-Wasiti, 106 
Yarbus 

Alfred Luk’yanovich, 53 
experimental apparatus, 56 

Yard Concert (artwork), 105 
Young, Thomas, 259 
 
Z800 3D Visor, 4 
ZBLAN, 330 
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