
1 Setting the Scene

And high above a piece of turret stair,
Worn by the feet that now were
silent, wound
Bare to the sun, and monstrous ivy-stems
Claspt the gray walls with hairy-fibred
arms.

1.1 INTRODUCTION

In this chapter we present various background discussion, introduce a number of key
concepts that will be further developed elsewhere in the book, and briefly outline the
volumetric and varifocal display paradigms. We begin by focusing on issues relat-
ing to the evolution and adoption of the flat screen display as the primary means of
viewing electronically processed signals. Here, we briefly consider the development
of the conventional television display and the subsequent adoption of this display
paradigm as a means of depicting computer-processed data. Within this context we
refer to some of the remarkable work undertaken during the early 1940s in devel-
oping displays linked to analog systems, which were able to portray perspective
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2 SETTING THE SCENE

views of three-dimensional (3-D) data sets and were also able to support real-time
interaction activities. In fact, as we will discuss, in a number of specialized areas the
need to interact in real time with electronically displayed information pre-dates the
modern computer. Here, as in a previous work [Blundell and Schwarz, 2006], we
emphasize the point that the visualization opportunities offered by new types of 3-D
display technology represent only one facet of their potential. Of equal importance
are the interaction opportunities that a display is able to properly support.

One important historical landmark in the development of the modern computer
display concerns the transition from vector to bitmapped (pixmapped) graphics. The
former approach bears certain important similarities to the “dot graphics” technique
employed in many volumetric and varifocal display systems. Consequently, in
Section 1.2.4, we briefly review these two approaches and discuss their potential
strengths and weaknesses.

In Section 1.3, we outline some of the attributes associated with the conventional
flat screen display that have contributed to its widespread adoption across a diverse
range of applications. Here, we also introduce the essential characteristics of a range
of creative 3-D display technologies that are the subject of ongoing research and
development. These approaches are discussed in greater detail in Chapter 3. In fact,
the volumetric and varifocal display systems that are the main subject of this book
represent two classes of “creative” 3-D display.

Having laid various foundations in connection with the visual representation of
data, we turn our attention to issues relating to the interaction process (Sections 1.4
and 1.5). Here we refer to the development of the event-driven graphical user
interface (GUI) in the 1970s, along with problems that are arising in certain key
applications as a consequence of the integration of the flat screen display and event-
driven user interface. Within this context, we refer to the synergy existing between
the human visual and motor systems which, if properly supported, can significantly
advance our ability to interact with the digital world. We also introduce the concept
of an interaction space and discuss the mapping that exists between it and the image
space. In the case of, for example, the conventional flat screen computer display,
both the image and interaction spaces are usually two-dimensional (2-D); as we
will discuss, this can hamper our interaction with image data sets that are inherently
three-dimensional. On the other hand, volumetric display systems provide a 3-D
image space and thus, by “making space” for the third dimension, can, in principle,
more readily support direct 3-D interaction.

In Section 1.6 we introduce the volumetric and varifocal display paradigms.
As we will discuss, the conventional computer display may be regarded as an
electronic version of the traditional artist’s canvas, able to provide the human sense
of sight with a set of “pictorial” depth cues (for example, shading and perspective)
through which we obtain a sense of three-dimensionality. On the other hand, various
“creative” display technologies extend the traditional canvas by conveying various
additional cues to the observer. In the case of some approaches, this is achieved
through a computational process by means of which two or more views on an
image scene are created. Although the image(s) continues to be depicted on a flat
screen, the visual system perceives an image that lies on one or both sides of
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this imaging plane; that is, the image appears to occupy a 3-D space. Some of
the depth cue information is, however, synthetic and depth cue conflict (or visual
inconsistency) can arise. Volumetric and varifocal systems offer to provide depth
cue information in a more natural manner; therefore, in principle, there is more
chance of the display meeting the visual requirements of the human observer. In
fact, as discussed in Section 3.7, the volumetric image represents the electronic
equivalent of the physically sculpted object, and provided that the display and
interaction spaces can be properly configured, volumetric displays are likely to
give rise to some interesting interaction opportunities.

As with other chapters in this book, we conclude with a brief “investigations”
section where various issues relating to the content of the chapter are presented for
further consideration or discussion.

1.2 HISTORICAL BACKGROUND

. . . can it be said that Watt and Stephenson, Davy and Faraday,
have done more to change both the course of history

and the material conditions of life
than did Napoleon or Wellington, Walpole or Pitt?1

Pioneering research into both cinema and television dates back to the nineteenth
century, and while the former (in terms of its ability to support the capture and
playback of animated image sequences) made the transition from experimental
form to commercial product in only ∼6 years, the gestation period of the latter
was very much longer. In an excellent book dealing with the early history of
television, Albert Abramson [1987] writes:

Television took a long time gestating. It grew with the technology of the times; its
disciplines came from a broad spectrum of the arts and sciences that were more often
than not unrelated . . . . The early history of television is made up of discoveries that
at the time seemed absolutely unrelated to each other. To find a bridge for them was
impossible. Time was needed to fit the pieces together into a sort of jigsaw puzzle.

Interestingly, as will become evident during the course of this book, these comments
could equally be applied to the evolution of creative 3-D display systems in general,
and particularly to the efforts that have been made to develop viable volumetric and
varifocal systems. Consequently, it is instructive to briefly consider aspects of this
history because it will enable us to put into perspective the difficulties that have been
experienced in introducing new types of 3-D display technologies. It also provides
us with a framework within which we can better understand the architecture of
some of the early volumetric techniques that we will discuss in other chapters.

The motion picture paradigm and television may be perceived as representing
two forms of visual experience that possess some distinctly different characteristics.

1 Campbell Swinton [1912] giving the Presidential Address to the Röntgen Society at which he
laid out his ideas for ‘all electronic’ television.
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For example, traditionally in the case of cinema, images are captured on film and,
after processing the storage media, are physically transported to the locations at
which they are to be viewed. As such, this does not represent a medium of direct
communications, able to portray events in real time, but rather one in which the
audience views imagery at some time after its recording. In short, this approach does
not support simultaneity. The quest for television was rather different inasmuch
as techniques were sought which would enable image capture, transmission, and
display to take place in real time, thus supporting instant communications across
large distances. In this sense, early pioneers often perceived television as providing
the audience with an electronic telescope through which they would be able to
view distant events as they occurred. Indeed, the ability of television to support
real time (or close to real time) broadcasting was not only a goal of pioneers from
the earliest days, but also appears (at least in Germany) to have been a major
driving force behind the development of national broadcasting in the 1930s and
early 1940s. Here the televising of the 1936 Olympic Games, and subsequently of
large-scale state-sponsored political rallies, seems to have provided an ideological
impetus for the development of a technology that could be used for propaganda
purposes and strongly influence an audience2:

Imagine that you see before you, for example, a close-up of the Führer giving a speech
that at the very same moment is taking place a thousand kilometres away! Isn’t that
fantastic? The filmed newsreel has to be edited and corrected before, many hours after
the event, it can finally be shown. But television broadcasting brings an unmediated
experience that is stronger than being there! 3 [Wehr, 1940]4

The quest to develop workable television in fact began decades earlier. In the sec-
ond half of the nineteenth century, a great variety of techniques were proposed
and often prototyped, although it appears that not until August 25, 1900 was the
term “television” first publicly used.5 The diversity of the proposed techniques is
indicated by the range of names that were coined—for example, Telephotograph,
Phantascope, Dussaud Telescope, Telephone, Phoroscope Telectroscope, and so on
(this latter name seems to have been quite popular, clearly relating the approach
to the concept of the electrical telescope referred to here). Many of the techniques
employed used a diverse range of electrical and electromechanical systems—for
example, displays comprising a 2-D array of image elements (each of which was
individually addressable)6 and others that made use of a variety of often ingenious

2 Indeed, the power of this medium to influence opinion must have been well-recognized in
Germany, because research and development into the development of television for general
broadcasting continued for some time during World War II (despite its primary use being for
propaganda purposes rather than direct military application). In contrast, television broadcasting
in the United Kingdom was suspended from September 1, 1939 through until 1946. During this
period, however, research into various display and interaction systems continued.
3 Also see discussion of the “suspension of disbelief” in Blundell and Schwarz [2006].
4 Originally published in “Die Sendung,” English translation taken from Uricchio [1996].
5 By Constantin Perskyi at the International Electricity Conference held in Paris [Abramson, 1987].
6 For a brief example, see the letter by J. Perry and W. E. Ayrton [1880].
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Figure 1.1 In 1912, A.A. Campbell Swinton described his ideas for the implementation
of an electronic image capture and display system. He suggested the use of a CRT (Crookes
tube) for the depiction of the image together with a raster scan. Video was to be transmit-
ted via the ‘line wire’. However, some twenty years were to pass before the move from
electromechanical to purely electronic systems was made and many of his ideas came to be
realized. (Reproduced from Campbell Swinton [1912].)

scanning techniques (this parallels past and ongoing research into volumetric dis-
play systems). The book by Albert Abramson [1987] is recommended to the reader
interested in learning something of the diversity of systems that were explored. See
also Gordon [1880], Middleton [1880], The Telegraphic Journal [1881], and the
York House Papers [1880].

It appears that it was not until 1911 that the first fully electronic television sys-
tem was proposed. In a speech given before the Röntgen Society, Alan Archibald
Campbell Swinton described a system in some detail that included both image
capture and display hardware [Campbell Swinton, 1912]. Interestingly, the display
employed a cathode ray tube (CRT) for image depiction (see Figure 1.1). He rec-
ognized that his ideas represented little more than a vision that could not at that
time have been readily realized:

My object has not, however, been to show you a really worked-out scheme for distant
electronic vision. . . . my desire has been merely to put on record certain ideas that have
occurred to my imagination in the hope that they may lead others to the invention of
a more practicable method of arriving at what is wanted.

In conclusion, if it is objected that ideas of this kind should not be presented naked
and unashamed in this manner, but should be kept to one’s self till they can be put
forward respectably clothed in practically worked-out garb, I can quote the example of
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our Honorary Member Sir William Crookes, who some four years prior to the first of
Signor Marconi’s patents, and two years previous even to Sir Oliver Lodge’s celebrated
Royal Institution lecture gave . . . a complete idea of how wireless telegraphy might be
carried on over great distances by means of the Hertzian waves.

John Logie Baird’s7 “Televisor” appears to have been the first television system
to be publicly marketed [Geddes and Bussey, 1991], and it went on sale in early
1930. This was a low-definition electromechanical system, central to which was
a rotating Nipkow disc some 20 inches in diameter. The disc contained a series
of 30 holes that spiraled from its periphery to the center, and behind the disc
was a neon lamp. Video signals that for a time were broadcast by the BBC were
received using a standard radio (“wireless”), the output from which was used to
drive the neon lamp (rather than the radio’s loudspeaker). Thus, the illumination
provided by the neon lamp was modulated by the transmitted signal. The lamp
illuminated only a small portion of the disc’s surface such that only one hole was
at any time illuminated by the lamp. The result was that the disc/lamp combination
provided a scan comprising a series of 30 vertical arcs 12.5 times per second,
and by synchronizing the rotation of the receiver’s Nipkow disc with one used by
the image capture hardware, visible animated images could be formed. A lens was
used for magnification purposes and provided a final image some 4 inches in height
and 2 inches in width. Naturally, definition was limited and a second radio receiver
was needed if both sound and video imagery were to be simultaneously supported.8

The text by Geddes and Bussey [1991] provides an excellent introduction to the
history of live broadcasting, although it perhaps underestimates the importance
of the contribution made by Baird, who spent many years promoting television
and thus facilitated the subsequent introduction of the all-electronic systems that
employed the CRT for image depiction and offered superior resolution. In fact,
from research undertaken by the author, it appears that Baird may well have been
the first to propose and prototype swept-volume volumetric display systems (and
associated image capture hardware). See Section 6.3 for further discussion on Baird
and the volumetric display systems that he patented in 1931 and 1942.9

7 Early in Baird’s difficult life, this remarkable individualist and pioneer (see Figure 6.2) left
England for Trinidad; there, surrounded by citrus fruits and sugar cane, he embarked on the
establishment of a jam factory. It must have seemed to him that his fortune was made—nothing
could go wrong. . . “The first thing to do was to find a suitably large pot in which to boil the jam. A
scrap merchant in the Port of Spain sold me . . . a wash-tub big enough to hold one hundredweight
of jam. Underneath this we built a brick fireplace. . . and started off with a cauldron filed with
sugar and orange cuttings. . . Sweet-smelling clouds of vapour rose from the pot and floated into
the jungle. They acted like a trumpet call to the insect life and a mass of insects of all shapes and
sizes appeared out of the bush in terrifying numbers. They flew into the steam above the cauldron
in their thousands, and scorched, fell lifeless into the boiling jam. I dropped my stirrer and ran.. . .
Hundreds of enormous ants invaded us, and in one night, made away with one hundredweight of
sugar. . . great spiders ran up and down the walls. . . whilst mosquitoes continually enfolded me in
a cloud” [Moseley, 1952].
8 For an excellent discussion of Baird’s life and work, see, for example, Kamm and Baird [2002].
9 For additional and interesting discussion on the history of early television, see, for
example Myers [1936].
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Some promoted the view that television would replace radio and so threaten
the existing industry, and even as late as around 1935, The Wireless and Gramo-
phone Trader indicated that “The public must, if possible, be made to forget all
about television for the time being” [Geddes and Bussey, 1991]. In describing the
difficulties of introducing television, these authors go on to add: “The RMA cir-
culated a confidential statement . . . that to enjoy even the limited transmissions
envisaged ‘. . . the televiewer will have to sit in a semi-darkened room and concen-
trate his vision on a small square of glass for two hours.’ ” Despite considerable
skepticism, visionary individuals provided the drive to create appropriate elec-
tronic components and circuits, and advances were rapidly made. However, it
would appear that surmounting the many considerable technical problems was
less difficult than the challenges faced in gaining general acceptance of this new
form of medium. Publicity often sought to glamorize emerging television sys-
tems and was intended to appeal to the affluent (see, for example, Figure 1.2).
Not only did this new piece of domestic furniture have to be promoted in its
own right, but also (and perhaps more importantly) it would have to become a
centerpiece around which viewers could conveniently gather (see, for example,
Figure 1.3).

1.2.1 Interaction

Gentlemen, you have invented the biggest time-waster of all time.
Use it well.10

Traditionally (and generally even today), neither the cinema nor television sup-
port audience interaction, and so we can regard these as normally providing a
uni-directional means of communication. Effective bi-directional communication is,
of course, fundamental to the modern human–computer interface, and the impor-
tance of supporting interaction with various forms of electronically processed and
visually presented image data has long been recognized. Consider, for example,
the oscillograph that was pioneered in mechanical form in approximately 1891 and
provided a means of depicting time-varying waveforms.11 Essential to any device
of this type are controls that permit image manipulation, thereby enabling the oper-
ator to more readily extract information from the data depicted on the flat screen
display.

Similarly, the development of radar systems prompted research into user interac-
tion with a variety of display paradigms. For example, in a remarkable publication
that appeared in the 1940s, a range of display techniques are evaluated for use in the

10 Regarding television. Attributed to Isaac Shoenberg, appointed as Head of Research of the EMI
television development team in ∼1931. EMI developed the Emitron camera tube and played a
leading role in the development of high-definition television (the 405-line standard that was used
in the United Kingdom and many other countries until the late 1960s). On perusing current TV
offerings, it appears to the author that Shoenberg must have been a true visionary!
11 This was the precursor to today’s oscilloscope (and its more specialized derivatives).
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depiction of radar signals returned from airborne objects [Parker and Wallis, 1948,
1949]. As we will discuss in Section 1.2.3, the authors of this work considered
not only the creation of perspective displays (based on standard flat screen display
technologies), but also several approaches to volumetric display system implemen-
tation (see Sections 6.4.3 and 7.2) and the incorporation of head tracking to enable
an operator of a stereoscopic display to view images from different orientations.
In this early publication, the importance of accommodating user interaction with
the depicted image is given some emphasis.12 Early real-time interaction with tele-
vision imagery was used, for example, in a number of military applications such
as the piloting of unmanned aircraft and missiles. By way of example, consider
the German Hs293D “guided bomb” that was in development during the closing
stages of World War II (see Figure 1.4).

Launched and controlled from a plane, this represented an early rocket-
propelled13 air-to-ground missile. Fitted with a camera system in its nose (referred
to as the “Tonne A” and employing a Super Iconoscope LS 9 imaging tube), video

−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−→

Figure 1.2 In the 1930s, television quickly developed (despite considerable scep-
ticism) and was soon able to offer large screen capabilities. Marketing material
often sought to stylize and glamorize an embryonic (and often unreliable) technol-
ogy that was primarily targeted toward an affluent audience. It appears that in the
UK television was promoted for domestic use, whereas in Germany (specifically in
Berlin) televisions were, in the main, located in public halls.14 (a) At Radiolympia
in 1937, Philips demonstrated a TV employing a 4-inch CRT (with a final anode
voltage of 25 kV). A lens etched onto the face of the CRT enabled images to
be projected onto a screen measuring 20 by 16 inches—a remarkable feat for the
period (unfortunately, the CRT proved to have a short lifetime). (b) A Philips tele-
vision demonstrated at Radiolympia in 1939 (the end of this show marked the end
of public broadcasting in the UK for some seven years). Although (b) provides
a smaller and more compact display system than does (a), neither were espe-
cially portable as the CRT voltages (including the final anode voltage) would have
been generated using a physically large transformer operating at mains frequency
(50 Hz). Often located at the bottom of the apparatus, these became quite warm
during use and were inviting to domestic pets. Over time these lethal transformers
became known as “cat killers”. . . (Images Reproduced from Geddes and Bussey
[1991].)

12 This paper does not cite either the earlier or the parallel work undertaken by John Logie Baird.
See Section 6.3.
13 The rocket motor used hydrogen peroxide as fuel. A catalyst (an aqueous solution of calcium
peroxide) promoted the rapid decomposition of the hydrogen peroxide into steam released at very
high speed. The motor produced a peak thrust of 600 kg and ran for some 12 s [Pocock, 1967].
14 Uricchio [1996] quoting from “Die Sendung,” indicates that in January 1940 six such halls
operated with ∼10,000 people attending. By April of the same year, this grew to twelve halls
with an attendance of ∼16,000 in that month.
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and a maximum range of 10 miles, the operator would have needed to react very
quickly to the changes in the transmitted image.15

In fact, the history of electronic display systems provides us with a diverse range
of specialist applications in which interaction with the depicted image plays a vital
role, and in the next subsection we briefly consider aspects of the traditional and
current relationships that exist between the display, the image data source, and the
interaction tool(s).

1.2.2 The Display, Data Stream, and Interaction Tool Interface

In Section 3.2, various subsystems that comprise a 3-D display are identified and
these are subsequently used to provide a framework by which the operation and
characteristics of a variety of displays can be readily described (see Figure 3.1
in which these subsystems are summarized). For the moment, it is not necessary
to discuss these individual subsystems and it is sufficient to note that they are
often considered independently of the image acquisition systems that may be used
in conjunction with a display and any interaction tools that may be incorporated
within a system. In short, today the display is often treated in isolation, and this
arises as a direct consequence of the underlying hardware and software systems to
which the display, the interaction tools, and any image capture systems are usually
interfaced. This is summarized in Figure 1.5 Here, for example, it may be seen
that computer-based technologies act as the intermediary between hardware used
for data capture and the display; no direct link exists between the two. The ways in
which the computer hardware may process the input data stream are generally only
limited by our ability to specify the actions that are to be taken and by the time
that these actions may occupy. Thus when designing a display, we often consider
it in isolation—reassured by the prospect that its characteristics can be mated to
those of the image acquisition hardware via flexible computer-based technologies.16

However, in the case of display systems that were developed prior to the general
proliferation of digital computer technologies (or components able to perform ana-
log computation), the designer had to focus not only on the visual characteristics of
the display but also on the way in which the display would mate with other compo-
nents, such as the image capture hardware. This situation is illustrated in Figure 1.6,
where it may be seen that, for example, a direct link exists between the data acqui-
sition hardware and the display (at the time when some of the early displays were
prototyped, even simple tasks such as the buffering of data could not be easily

15 Uricchio [1996] refers to a demonstration of a rocket-propelled missile equipped with an on-
board camera system which is said to have been held outside Berlin just after World War II.
He refers to this as “the German ‘Tonne’ missile” and writes “. . . the German developers of the
rocket targeted its guidance system at the photographic image of a young girls face so that their
interrogators could see, from the point of view of the rocket’s television camera, how the missile
could be steered.” To date, the author has not been able to confirm that such an odd demonstration
took place. However, in the case that it did, it is likely that it in fact involved the Hs293D, because
the term “Tonne” is more likely to have referred to the imaging system.
16 Whether this is an optimal approach is a matter for debate.
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Display

Data Acquisition
Hardware

Interaction Tools

Computer-Based
Technologies

Figure 1.5 The design and implementation of display and interaction hardware is greatly
facilitated by the use of computer-based technologies. As may be seen, the display, data
acquisition hardware and interaction tools do not directly interface with each other, but
communicate via the computer hardware. Often therefore these subsystems are considered
in isolation, for we have almost unlimited flexibility in the way that the computer-based tech-
nologies may be made to operate. This contrasts with the situation illustrated in Figure 1.6.
(Diagram  A. R. Blundell 2006.)

Display

Interaction Tools

Data Acquisition
Hardware

Figure 1.6 In the case of early systems, subsystems such as the display, the data acqui-
sition hardware and interaction tools had to be ‘directly’ connected. Although this situation
was ameliorated by the development of more advanced analog components (offering to sup-
port, for example, analog computation techniques), early pioneers had to consider a display’s
visual characteristics alongside its ability to directly link to other subsystems (on occasion,
to satisfy the latter it was necessary to compromise the former). This contrasts with the
situation illustrated in Figure 1.5. (Diagram  A. R. Blundell 2006.)



14 SETTING THE SCENE

achieved). In some cases, a display’s visual characteristics were compromised in
order that it could match the constraints imposed by the data acquisition hardware.

Today, as far as the display itself is concerned, we generally adopt a “one
size fits all” approach.

When in later chapters we review some of the pioneering work carried out in
connection with volumetric display systems, it is therefore necessary to readjust
our thinking so as to continually bear in mind that without computer technologies,
and before the advent of more advanced analog components, a display’s design
was strongly influenced by the nature of the hardware used for data acquisition. By
way of example, see discussion in Section 3.3.1 on the proposal for a stereoscopic
display dating back to 1930 [U.S. Patent Number 1,876,272], and see Section 6.3
in connection with early volumetric displays described in a patent filed in 1931 by
John Logie Baird [British Patent Number 373,196].

1.2.3 The Conventional Display
The release of atom power has changed everything

except our way of thinking . . . the solution to this problem
lies in the heart of mankind.

If only I had known, I should have become a watchmaker.17

As we have seen, systems able to convert appropriate electronic signals into some
form of visible image are by no means new, and many of the computer graphics
techniques in use today were originally employed by displays linked to circuitry
able to perform analog computation.18 The seminal paper written by Parker and
Wallis [1948, 1949], which was mentioned in Section 1.2.1, provides one of the
first accounts concerning the creation and depiction of perspective images on the
conventional flat screen display. In this respect, the authors first consider the pro-
jection of a volume (that may, for example, be cubic) representing the extent of
a radar scan onto a standard CRT display. The transformations needed to permit
this volume to be displayed at any orientation (see Figure 1.7) were achieved by
means of three “magslip resolvers.”19 In the context of the displayed image they
write:

There is an ambiguity in the display, in that the volume can be “turned inside out”
mentally. This is due to the lack of perspective. The effect of perspective can be obtained

17 Attributed to Albert Einstein (1875–1955).
18 Display-based systems supporting significant analog calculation began to emerge in the 1940s.
It would appear that prior to that time the usual situation was as depicted in Figure 1.6.
19 See, for example, Williams and Parker [1952].
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dot graphics technique for image generation (this being a special case of the vec-
tor display method), it is instructive to briefly consider aspects of the vector and
bitmapped display.

1. The Vector Technique: As indicated above, in the case of a vector display an
image comprises a series of lines or polylines. In fact, the image screen is
not exhaustively scanned and due to timing constraints, a large portion of the
screen will normally be void. A simplified outline of elements used within
the relevant part of the graphics pipeline is given in Figure 1.11. Central to
this approach are the display list and display list controller. The former takes
the form of random access memory in which the starting coordinates (and
other attributes) of the line segments comprising each polyline within a frame

Number of Vectors
In First Polyline (n)

x1,y1
x2,y2
x3,y3

xn,yn
xend,yend

Number of Vectors
In Second Polyline

(m)
x1,y1

x2,y2

. 

. 

. 

Bus
Interface

Display
List

Controller

Display
List

(RAM)

Vector
Generator

Vector
Display

Computer
bus

(X,Y,A) 

Figure 1.11 Functional elements of the vector graphics paradigm. Here, the display list
provides the starting coordinates of each vector, end coordinates can clearly be deduced.
However, this is not the case for the last vector within each polyline. We therefore assume
an additional final entry for each polyline (xend, yend ) which indicates the end coordinates
of the last vector to be drawn within the polyline. Computed deflection coordinates (and
additional information such as vector color) are passed to the display. Various additional
processing may be performed—in order to, for example, remove the bright spots that form
when two vectors cross. (Diagram  Q. S. Blundell 2006.)



20 SETTING THE SCENE

are stored. The vector generator is responsible for rapidly reading this data
and forming the deflection signals (and associated attribute information (A)
such as vector intensity) that will be passed to the display. The electron beam
within the CRT-based display responds to these signals by drawing each line
segment, and hence the visible image is constructed. The total number of
vectors that may be drawn during each image update period (as determined
by the frame rate) provides an indication of the system’s performance. How-
ever, this value is influenced by the average length and spatial distribution
of vectors which comprise an image, together with the order in which the
vectors are drawn on the display. Consider a simple numerical example in
which we assume that the display and drive circuitry are able to achieve the
full-scale deflection of the electron beam in 5 µs. Then for a display screen
with typical dimensions, we can assume a rate of deflection on the order of
140 ns·cm−1. For a frame update rate of 30 Hz, the total distance that a beam
can travel per frame is approximately 2 km. However, because this distance
includes the time spent in moving the beam between polylines, not all of
this time is devoted to the production of light. In comparison, in the case
of a raster-scanned CRT-based display of approximately the same size (we
assume a horizontal dimension of approximately 35 cm) offering 800 scan
lines per frame, the beam would move a total distance of approximately 560
m per image update.21 Clearly, from these rough figures, it would appear
that the vector display should, at least in principle, be able to fill an entire
display screen. However, for a given image data set, the order in which the
vectors are drawn will determine the total distance moved by the electron
beam(s), and this in turn will impact on the total time that the beam spends
in moving between polylines. To maximize the number of vectors per frame,
it is desirable to minimize this total move time, but this is not without dif-
ficulty because as we briefly discuss in Section 4.4.2 (in the context of the
volumetric dot graphics technique) the computational cost associated with
the ordering process grows rapidly with the extent of the input data set (i.e.,
the number of polylines that comprise a frame).22 Thus, in the case of a vec-
tor display, a considerable amount of the time available during each image
update period is generally occupied with moving between lines and polylines
and is consequently wasted.23 Furthermore, the above does not include time
penalties that can arise when drawing a polyline. Here, in order to avoid

21 Including the retrace between lines.
22 Also see Blundell and Schwarz [2000] and Schwarz and Blundell [1997].
23 Furthermore, a vector display able to support the deflection speed indicated here would
necessitate the use of electron guns able to support post deflection acceleration and deflection
magnification (see Section 12.3). Such displays are expensive and since a shadow mask is not
employed, full color image depiction is problematic. Typically, such displays are able to provide
two-color image depiction by means of a phosphor penetration technique (see, for example, Boff
et al. [1986]). On the other hand, the absence of a shadow mask ensures very high efficiency (in
terms of the production of visible light).
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visible overshoot, it may be necessary to pause between the outputting of
connected vectors that have significantly different orientations.

The essential weakness of the vector graphics approach relates to the
random order in which individual lines and polylines are created on
the display screen. This results in significant time wastage because
voltages are continually established on the deflection plates in order
to move from one part of the screen to another. Thus a major difference
between the vector and raster approaches relates to the form of the
deflection signals. In the case of the former, deflection signals are
determined by the image content and the order of vector creation.
However, for a raster approach, deflection signals are repetitive and
independent of image content.

The vector graphics technique is well-suited to the depiction of wire frame
images, but becomes less efficient when “solid” images are to be displayed.
This is because solid area fills are achieved through the use of multiple
closely spaced vectors that are oriented parallel to one another. These may
not be drawn in sequence and consequently may have significant “move
time” overheads.

Further useful reading in connection with the vector graphics approach
may be found in most of the older computer graphics texts; those by Salmon
and Slater [1987] and Demel and Miller [1984] provide useful starting
points.

2. The Bitmap/Pixmap Technique: The development of this highly ordered
method of display implementation (in which all pixels can be addressed dur-
ing each image update period) was reliant on advances in random access
memory technologies—particularly in terms of price, performance, and
storage density. In the 1970s, workers at Xerox Palo Alto Research Cen-
ter (PARC) pioneered this important development and produced a display
paradigm in which all pixels forming the display could be addressed during
each image update period via a raster-scanning technique. Furthermore, as
we will briefly discuss in the next subsection, they also pioneered the event-
driven graphical user interface, which is a vital part of the modern personal
computer.

Pivotal to the pixmap display technique is the ability to update each
and every image element (pixel) within a fixed image update period. Con-
sider a raster-scanning technique (in which interlacing is not employed)
where the display is able to depict x pixels horizontally and y pixels ver-
tically. Then the time to address all the pixels comprising a line (tline) is
given by

tline = x · tp + Th,
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where tp denotes the time needed to address and activate each pixel and Th

denotes the flyback time for the horizontal retrace (which may include other
timing components). The time to draw a complete frame (tframe) is therefore

tframe = y · tline + Tv = y(x.tp + Th) + Tv,

where Tv is the flyback time for the vertical retrace (this is assumed to encom-
pass any additional time components). Thus, assuming a refresh frequency
of R frames per second, it follows that

tp = 1

Rxy
− Tv

xy
− Th

x
.

It is convenient to define a “pixel frequency” (fp = 1/tp) that can be used to
indicate the performance of display hardware needed to support a particular
display resolution [Salmon and Slater, 1987]. Thus,

fp = Rxy

1 − TvR − ThRy
, (1.2)

For example, if we assume a noninterlaced monitor able to display 1000 ×
800 pixels per frame with a 50-Hz refresh frequency and for which Th = 4 µs
and T v = 20 µs, then we obtain a pixel frequency of approximately 50 MHz.
Interlacing makes it possible to increase the time available for addressing all
screen pixels (without introducing image flicker problems) and so reduces
the demands placed upon the display hardware in terms of bandwidth.24

1.3 WORKING WITHIN A 2-D SPACE

‘‘If a picture’s worth a thousand words,
a sculpture’s worth a million.’’25

The flat screen computer display (based on either CRT or thin panel technolo-
gies) has gained widespread acceptance, providing the window through which we
view and interact with the digital world. In Figure 1.12, we illustrate some of the
key characteristics associated with the traditional flat screen display, which have
enabled it to be usefully employed across a very wide spectrum of computer-
based applications. Below, we summarize several issues of particular relevance to
our subsequent discussions in relation to volumetric systems (for more detailed
discussion, see Blundell and Schwarz [2006]).

1. Traditional Considerations: Interaction with some form of 2-D medium is
pivotal to many forms of human creativity (such as drawing, painting, engi-
neering design, and geometry). Consequently, the flat screen computer display

24 The only additional overhead incurred relates to the introduction of one or more additional
vertical flyback intervals.
25 Attributed to Bernardo Torres. Quoted from Hesselink and Downing [1993].
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Figure 1.12 Various characteristics associated with the traditional flat screen computer
display paradigm. The ability of this general display technique to satisfy (to a greater or
lesser extent) these features have favored its usage across a broad spectrum of applications.
However, as discussed in the text, the increasing complexity of many applications coupled
with increased user expectations are resulting in the need to significantly advance this display
paradigm. (Diagram  Q. S. Blundell 2006.)

augments our endeavors by providing a natural and convenient extension to
traditional tableaux, such as paper or canvas. The techniques needed to depict
3-D scenes, objects, and structures within the confines of a 2-D space took
many years to evolve, and several of the techniques that are used in 3-D
computer graphics can be traced back to pioneers such as Giotto di Bondone
(∼1267–1337), Filippo Brunelleschi (1377–1446), and Leon Battista Alberti
(1404–1472). The work of such individuals enabled great artists to employ a
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2-D media in such a way as to not only be able to create photorealistic images
but to ultimately transcend the bounds of photorealism and be restricted only
by the limitations of human imagination. This history is briefly discussed
by Blundell and Schwarz [2006], and more detailed discussion may be found
in texts such as those by Edgerton [1976, 1991] and Kemp [1978].

Consider a mechanical engineering design process. Here, the creation of
realistic 3-D images of objects and/or structures on a conventional 2-D screen
is generally only of limited use. Although they may serve to provide an
important insight into the aesthetic form of an object, they do so from only
one viewing position26 and do not readily lend themselves to the incorpo-
ration of measurements and general production detail. Most importantly, as
we will discuss in the next subsection, interaction with such images cannot
be achieved in a natural manner.

Gaspard Monge (1746–1818) is credited with the development of modern
engineering drawing techniques by which objects are depicted by means of
2-D orthogonal views. His ideas for the use of a double orthographic projec-
tion technique whereby objects and/or structures are represented by means of
plan and elevation views were expounded in a textbook that he wrote in sup-
port of his teaching [Géometrie Descriptive, 1989] (see Carl Boyer [1991]
for further discussion).

The techniques that permit a 2-D medium to be used in support of the
portrayal of 3-D imagery have in fact been in place for many years; the devel-
opment of an active (electronic) 2-D medium was simply a natural extension
of the traditional passive surfaces upon which humans have expressed their
creative ideas throughout the centuries.

During the 1980s and early 1990s, computer technologies (in the form of
the personal computer) rapidly proliferated and impacted, to a greater or lesser
extent, on practically every form of human endeavor. Working practices had
to be adapted to enable the use of these digital tools, and even those with
many years of experience in the use of traditional methods had to learn
new ways of working. However, we are often reluctant to change those
ways that have served us well over the years and move away from the
security of a working environment within which we are empowered by our
own knowledge (often based on years of experience). Consequently, in many
areas, traditional techniques for performing tasks were ported to the computer,
thereby enabling first-generation computer users to maximize the use made
of their knowledge and experience and at the same time minimize the scale
of the adoption process. At that time, users often encountered computers later
in life, and so they were initially far more confident in the use of traditional
media. This situation has now greatly changed; in many countries, children
from the earliest age are simultaneously exposed to the use of both digital

26 As discussed in Section 3.4, the display may be augmented by a head-tracking system, thereby
enabling support for motion parallax. However, in the main the object or structure is repositioned
using interaction tools such as the mouse. Consequently, in general we cannot simply move our
head from side to side or up and down and so change the viewpoint.
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and traditional media. However, we are left with a legacy in which many of
the approaches used in the depiction of computer processed information (and
for its manipulation) are nonoptimal. Clearly, for example, the traditional
engineering drawing techniques described by Gaspard Monge at the time
of the French Revolution are unlikely to represent the optimal framework
through which we can exploit the power of digital technologies for creative
design activities!

2. The Homogeneous Tableau: This is a facet of the conventional flat screen
display that is often taken for granted and, in the case of volumetric displays,
it is particularly problematic. We expect the computer screen to provide a
uniform tableau such that when an object is moved from one screen location
to another, the number and spatial distribution of pixels that comprise the
object will remain essentially unchanged. Furthermore, we take it for granted
that when an object is repositioned on the screen, its color or intensity will
not, as a result of display hardware deficiencies, be arbitrarily altered in some
way. The regularity of pixel spacing and the invariance of pixel attributes
underpin screen homogeneity. In the case of the conventional flat screen,
computer display pixels are regularly spaced and are of the same size, and
the attributes that may be applied to each (color and intensity) do not vary
with the physical location of the pixels on the screen. However, when we
attempt to extend the 2-D display screen to provide a 3-D tableau for image
depiction (as is the case with volumetric systems), architectures seldom prop-
erly support isotropy and homogeneity. As will be seen in later sections, this
is a major problem associated with many types of volumetric display and is
a consideration that is often given insufficient attention during the design and
implementation phases.

3. Support for Graphics and Text: Although vector graphics displays were able
to support the coexistence of graphics and text, they were expensive and
were therefore not generally available to average computer users. However,
with the advent of the bitmapped display, the human–computer interface
was greatly advanced and we now take for granted the benefits derived
from the ability to bring together pictorial and written forms of commu-
nication. Nonetheless, text is inherently two-dimensional, and this poses
problems when we consider its depiction within a volume (image space)
that does not significantly restrict viewing position. A range of alternative
display paradigms have, for many years, been the subject of considerable
research activity, and a large number of approaches have been proposed and
prototyped (although the number that have actually been commercialized is
quite small). These systems can support additional depth cues—particularly
binocular parallax (stereopsis) (see Section 2.3.4). In line with previous work
(see Blundell and Schwarz [2006]), we will refer to these as “creative”
3-D display systems and attribute to them one or more of the characteristics
indicated in Figure 1.13.

From this illustration it is apparent that in the case of creative 3-D dis-
play systems, uncertainty generally exists as to the benefits that may be
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Figure 1.13 Creative 3-D display systems will be defined as having the ability to sat-
isfy the binocular parallax (and possibly motion parallax) depth cues and exhibit some of
the characteristics indicated here. (Adapted from Blundell and Schwarz [2006]  2005 A.
R. Blundell.)

derived from new approaches and their ultimate potential for advancing the
human–computer interaction process. Perhaps, given the length of time over
which many of these techniques have been researched, this may appear to
be surprising. However, it reflects that most of the research effort has been
directed toward the technologies themselves and much less work has been
undertaken in the application and evaluation of systems. Further, researchers
have generally focused on the new visualization opportunities that displays
may offer while overlooking the importance of the pivotal role that a com-
puter display plays in the interaction process. We consider this further in the
next subsection.

1.4 CONCERNING INTERACTION

As discussed previously, systems able to support a user’s interaction with elec-
tronically generated images have been researched and used in various specialized
applications for at least 60 years. These early systems were underpinned by ana-
log computation, and to date the author has not located any detailed discussion of
interactive graphics applications based upon digital computation prior to the work
of Ivan Sutherland, who developed an interface system he called “Sketchpad” in
the early 1960s.27 He introduces this in the following way:

The Sketchpad system makes it possible for a man and a computer to converse rapidly
through the medium of line drawings. Heretofore, most interaction between man and

27 However, it would be most surprising if during the 1950s, work had not been undertaken in
this area in conjunction with digital systems. The author would be keen to hear from any reader
who has knowledge of such work.
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computer has been slowed down by the need to reduce all communications to written
statements that can be typed; in the past we have been writing letters to rather than
conferring with our computers. [Sutherland, 1963]

Sutherland goes on to illustrate the power of this approach by providing various
examples of the way in which image primitives may be created though direct
interaction techniques. For example:

If we point the light pen at the display system and press a button called “draw,” the
computer will construct a straight line segment which stretches like a rubber band
from the initial to the present location of the pen . . . .

In the mid-1960s, William English and co-workers undertook research that was to
have a major impact on the way in which we now interact with the computer. Not
only did they research the efficiency of various existing interaction tools (such as the
light pen and joystick), but they also prototyped for use in their trials other devices,
such as the mouse [English et al., 1967]. Constructed in a small wooden case,28

this was somewhat different in appearance from the mouse that we use today.29 In
the early 1970s, the mouse was refined for use with the Alto. This computer was
developed at Xerox PARC and was the precursor to the Xerox Star workstation.
The Star was introduced in 1981 and represented the first commercially available
workstation to offer a bitmapped display and the graphical user interface (GUI) that
is the basis for today’s human–computer interaction activities. (For further reading
see, for example, Johnston et al. [1989], Smith and Alexander [1999], and Blundell
and Schwarz [2006].)

• The event-driven graphical user interface places the conventional flat screen
display at the heart of all interaction activities and the ability of this display
paradigm to support interaction activities in which bi-directional commu-
nication is closely coupled has augmented the usefulness of the 2-D display
tableau.

• Pivotal to practically all human creative processes is the synergy existing
between our sensory and motor systems. Consequently, the human–computer
interface should facilitate and promote natural synergistic interaction. Fur-
thermore, it should aim to take advantage of the richness of our human
communication skills.

28 Measuring 2 × 3 × 4 (inches), the mouse used two orthogonally mounted potentiometers (driven
by wheels rather than a ball) to measure movement. The mouse was equipped with one selec-
tion button (switch). Position measurements were based on the analog signals derived via the
potentiometers.
29 For a brief review of the work carried out by English et al., together with others who have
investigated models that may be used to gauge the efficiency of a range of interaction tools,
see Blundell and Schwarz [2006].
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The GUI paradigm developed at Xerox PARC during the 1970s provided the foun-
dations for the modern interface; during the intervening years, advances have tended
to represent refinements of the original approach rather than major new develop-
ments. On the other hand, computers are now employed across a far wider range
of applications and software systems have become more complex. In turn, this has
led to increasingly complex interfaces that are largely designed using the tech-
niques pioneered more than 25 years ago. It is therefore not surprising that benefits
originally derived from the event-driven GUI are gradually being eroded; despite
the advances made in computer technologies during the intervening years, the user
must adapt to the machine: unfortunately highly evolved human communication
skills are of little value when interacting with the digital world. Quoting from a
previous work [Blundell and Schwarz, 2006]:

. . . it is interesting to stand back for a moment and speculate on the number of hours per
week that we now spend bound to our computers, attempting to convey our emotionally-
driven thought processes via imprecise communication skills to machines that operate
solely upon logic, and are utterly oblivious to the richness of human dialogue.

This book focuses on display techniques that support the depiction of objects and
structures within a 3-D space. The use of an imaging volume provides considerable
opportunities for not only the visualization of computer-processed imagery, but
also for the development of new interaction paradigms. In order to most readily
appreciate the possible benefits that may be derived from such technologies, it
is instructive to briefly consider potential weaknesses of the conventional GUI
when employed in, for example, 3-D design applications where it is necessary to
visualize and manipulate objects that are inherently 3-D or which are separated in
a 3-D space.

Some of the factors that have eroded the usefulness of the conventional GUI
within the context of creative 3-D design applications are summarized in Figure
1.14. Here, the area of the screen in which the user is able to interact with the
image is referred to as the “workspace,” and the remainder of the screen contains
the menu system. The use of a flat screen display will at times make it necessary for
a user to carry out interactive operations upon the orthogonal 2-D views, which, as
discussed previously, have played a pivotal role in engineering for several hundred
years. Alternatively, the user may be able to directly manipulate 3-D primitives
rendered for depiction on the 2-D screen. In either case, the user is often unable
to carry out even simple operations in a way that mimics real-world practices.
Consequently, one must continually adapt to the software system and learn the
techniques devised by the software designer to permit objects that are inherently
3-D to be manipulated within Flatlands.30

As software packages become more advanced, user interfaces become increas-
ingly complex and contain an ever-greater number of options and features. The
architect of an applications program must therefore continually devise the means

30 For amusing discussion of life within an imaginary 2-D world, see Abbott [1884]. Envisioning
Information [Tufte, 1990] provides much relevant and interesting discussion.
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Figure 1.14 Issues relating to the implementation of a GUI for creative 3-D design appli-
cations. The area of screen in which the operator is able to manipulate the image is referred
to as the ‘workspace’. See text for discussion. (Diagram  A. R. Blundell 2006.)
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of incorporating an ever-larger menu system, without increased erosion of the
workspace. As indicated in Figure 1.14, the three most frequently used approaches
(which are generally adopted in combination) involve either (a) a reduction in the
size of each menu icon, (b) the adoption of more layers within a hierarchical menu
system, or (c) the use of additional mouse (or other) buttons (e.g., a selection
operation followed by a ‘right click’). However, each has associated problems:

1. Reduced Icon Size: As icons become smaller, it is increasingly difficult to
insert legible text labels within them; thus, in order to indicate functionality,
pictorial symbols (whose meaning is often obscure and/or ambiguous) are
frequently used. Furthermore, reducing the size of icons necessitates greater
accuracy in cursor positioning prior to a selection operation.

2. Increasing Hierarchical Depth: Increasing the depth of the menu hierarchy
can cause the user to experience problems in terms of navigation through
the various layers. This is exacerbated in the case of operations in which
tasks often cannot be performed in a “natural” (real-world) manner—such
as the manipulation of 3-D objects within a 2-D space.31 Furthermore, this
approach increases the number of selections that must be correctly made in
order to accomplish a particular task.

3. The Use of Additional Buttons: This becomes problematic when button func-
tionality varies with either cursor position or as a consequence of the previous
operation; as with increasing the hierarchical depth of a menu system, this
increases the user’s conscious awareness of the interface’s presence between
the user and the task.

In summary, as software complexity increases it is very difficult for the designer
to produce an interface that remains unobtrusive to the end user and does not
impact negatively on the creative tasks that the user is performing. Various forms
of creative 3-D display offer to ameliorate this problem by:

1. Supporting the depiction of 3-D objects and structures within a volume,
thereby enabling tasks that are inherently 3-D to be carried out in a manner
that more closely mimics real-world activities.

2. Providing support for new interaction devices, techniques and software inter-
faces.

Within this book we emphasize not only the importance of considering the
visualization opportunities that may be offered by a display paradigm, but
also the ways in which the display will augment the interaction processes

31 The user is then left with the last resort; the “Help” facility. When battling with the interface,
confidence is often gradually eroded, even to the extent of attempting to gain help from a dancing
paperclip . . . .
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1.5 IMAGE AND INTERACTION SPACES

I believe it is in our nature to explore
. . . to reach out into the unknown.

The only true failure would be not to explore at all.32

It is useful to loosely distinguish between various forms of image space that may
be produced by display systems. These can be divided into five general categories
as described below33:

1. The Planar Image Space: In the case of the conventional flat screen computer
display, images are depicted on a 2-D surface and although such images are
able to convey depth information through the use of pictorial depth cues
(see Section 2.3.1), the important binocular and motion parallax depth cues
are absent.34 Furthermore, the eyes converge and focus on the plane of the
screen rather than on details of an image scene that we interpret (from the
data provided by the pictorial cues) as lying at different distances. The “image
space” (comprising the workspace and menu system) provided by displays of
this type is represented by a 2-D surface whose dimensions are determined
by those of the size of the screen. We do not assign to these systems an
imaging volume within which images may be positioned.

2. Physical 3-D Image Space: As discussed in Section 1.6, volumetric display
systems employ a physical material or arrangement of materials which occupy
a physical volume and within which image components may be depicted.
Consequently, an image is able to occupy three spatial dimensions, and as
such the depth cues of binocular and motion parallax (see Sections 2.3.3 and
2.3.4) are satisfied. Furthermore, since image components may be physically
positioned at different distances from an observer, both convergence and
accommodation occur in a natural manner. Thus the physical and perceived
images are (at least in principle) spatially similar. For the purposes of this
book, we assume that a physical image space is bounded (by, for example,
a containing vessel) and so a physical interaction tool cannot penetrate and
pass through this type of image volume.

3. Free Image Space: In Section 9.3.2 we briefly describe a volumetric dis-
play that employs an image space comprising dust particles which are able
to scatter incident light. By measuring the instantaneous location of these
particles and directing the voxel activation mechanisms appropriately, it is
possible to create images within an unbounded volume. Since the 3-D image

32 Sir Ernest Shackleton (1874–1922).
33 Note: These differ from those previously employed in Blundell and Schwarz [2006] and are
intended to more closely support our discussion of volumetric and varifocal systems.
34 However, as we will see in Section 3.4, it is possible to equip systems that employ the con-
ventional flat screen display with additional hardware so that both binocular and motion parallax
are conveyed to the user.
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space has no physical boundary, an interaction tool may pass through the
volume occupied by the image opening up interesting interaction opportu-
nities. Alternatively, by means of an appropriate optical arrangement, it is
possible to project an image (located, for example, within a physical image
space) so that it appears in free space and is positioned between the pro-
jection apparatus and the observer. For the purposes of this book, we will
consider both of these scenarios as giving rise to a “free” image space. This
matter is discussed further in Sections 11.6.1 and 11.6.2, where we refer to
Michael Halle’s “Projection Constraint,” and for the moment it is sufficient
to note that such images may satisfy the binocular and motion parallax cues
and also the cues of accommodation and convergence. Additionally, physical
objects may (in principle) “touch” the image.35 A free image space may also
be formed using holographic techniques.

4. Virtual Image Space: As indicated in category 3 above, we assume that when
a free image space is formed by means of an optical projection system, the
image space resides between the observer and the optical component into
which the observer looks. However, an optical system may also be used
to project an image that appears to lie behind the optical component. Gen-
erally, varifocal mirrors systems (see Section 1.6.3 and Chapter 10) have
been used to create images of this type; for the purposes of this book, we
will refer to such images as being located within a virtual image space. In
the case that a transparent component is used to produce such images,36

it is possible to achieve no-parallax between a physical interaction tool
and image components. Advantageously, and unlike the free space image
technique, the presence of the interaction tool cannot impact on image for-
mation.

5. Apparent Image Space: In the case of stereoscopic display techniques, al-
though the image is usually generated on a 2-D surface, it is perceived as
occupying a 3-D volume. Consequently, in the case of systems whose oper-
ation is based on the principle of the stereoscope, the physical image and
the perceived image are spatially disparate37 and the sense of an image’s
three-dimensionality is derived from the binocular information presented
to the human visual system, rather than from the reality. Displays of this
type are able to satisfy the binocular parallax (and possibly motion paral-
lax) cues. However, accommodation and convergence cues are decoupled
(see Section 2.3.2). In this book, we will define the depth of such an image

35 However, the introduction of physical objects into such an image space may have a negative
impact on image formation (see Blundell and Schwarz [2006]).
36 For example, images reflected in an angled sheet of glass—the classic Pepper’s Ghost illusion;
see Sections 9.6 and 11.6 and also Blundell and Schwarz [2006].
37 The image may appear to lie above or beneath the surface upon which the stereoscopic images
are presented or may span both sides of this surface.
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space as that perceived by the human visual system as a consequence of the
satisfaction of the binocular parallax depth cue.38

In categorizing image spaces in this way, we are able to gain a useful insight into
the characteristics of the images formed by means of various display paradigms.
However, this represents only one approach: A variety of other schemes are equally
valid. Furthermore, it is important to remember that all display technologies provide
(to a greater or lesser extent) the “illusion” of three dimensionality. For example,
displays based on the stereoscopic approach employ images depicted on 2-D sur-
faces from which the visual system derives a sense of 3-D relief. Equally, although
a volumetric image is depicted in a physical image space, all visible points (vox-
els)39 that comprise an image are generally not simultaneously illuminated, and
in fact each of these points may emit light for only brief (but regular) intervals.
However, as a consequence of the temporal response characteristics of the visual
system (see Section 2.4), this transient light output may not be detected in the
illusion that we experience.

As well as defining the extent of the image space, it is also instructive to refer to
an interaction space. Many interaction tools operate within the confines of a certain
physical region—although the concept of an interaction space is not universally
applicable. For example, a joystick may operate by movement, in which case the
interaction space is defined by the extent of motion, or alternatively the device
may sense and respond to the pressure applied by the user. In this latter case, it
is not possible to define an interaction space. In the case of interaction tools such
as the joystick (when this is used in “absolute” mode), the interaction space may
be directly mapped into the image space via a simple scaling factor. Thus, the
total displacement (D) of a cursor on a conventional flat screen from a central rest
position would be given by

|D| =
√

(ax)2 + (by)2, (1.3)

where x and y represent the horizontal and vertical components of the joystick
movement, and a and b are the horizontal and vertical scaling factors. Alternatively,
the joystick may be used in “rate” mode whereby the speed of cursor motion is
determined by the magnitude of the joystick deflection (e.g., the cursor velocity
(v ), is given by v = kx and so the displacement of the cursor in the horizontal
direction is D = kx t , where t denotes the duration for which the joystick is held
at position x ).

38 Although such systems satisfy binocular parallax (and also possibly motion parallax), the accom-
modation and convergence combination is not correctly satisfied (see Section 2.3.2).
39 “A voxel (volume element) is the 3-D equivalent of a pixel (picture element) and forms the
fundamental ‘particle’ from which volumetric images are constructed. A voxel should take the form
of a sharply defined source of visible radiation, and ideally is spherical in shape. Furthermore,
voxel attributes. . . should be invariant with respect to viewing direction” [Blundell and Schwarz,
2000]. For discussion on the voxel and relating to volumetric data sets, see, for example, Blundell
and Schwarz [2000, 2006].
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Figure 1.15 Five forms of image space and the three interaction modalities identified in
the text. Connecting lines indicate the interaction opportunities that are typically available
for each form of image space. (Diagram  Q. S. Blundell 2006.)

The mouse provides a further example of an interaction tool for which there is
no defined mapping between the image and interaction spaces. In fact, although
the mouse itself imposes no restriction on the size of the interaction space, we find
it convenient to greatly confine the extent of its interaction space.40

The five forms of image space referred to above are summarized in Figure 1.15,
together with three general interaction paradigms. These were previously introduced
in Blundell and Schwarz [2006] and are briefly reviewed below:

1. Direct Interaction: In the case of this interaction modality, a physical inter-
action tool (and this may include the hand) is able to enter the image space
and so directly “contact” the image.41 This approach brings together the
image and interaction spaces. In the case where a physical 3-D image space
is employed, then either the material comprising the image space, the motion
of components sweeping out the image space, or the bounding vessel will
prevent the insertion of a physical interaction tool, and so this interaction
modality is precluded from such an image space.

40 Usually we employ a scrolling action (whereby the mouse is frequently lifted and repositioned)
in order to achieve the desired cursor motion without the need for extensive lateral reposition of
the wrist (which generally rests on the table).
41 In the case of the planar image space associated with the conventional flat screen display, this
interaction technique may be implemented using, for example, a light pen able to “touch” the
screen.
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Difficulties may arise if this interaction modality is employed in conjunc-
tion with display systems based on the stereoscopic technique (the “apparent
image space” scenario). As previously indicated when viewing stereoscopic
images, the accommodation and convergence cues become decoupled with
the eyes focusing on the 2-D image plane and converging on features of
regard within the perceived 3-D image (see also Section 2.3.2). However, if
a physical interaction tool is inserted into the image space42 then when this
is viewed, the eyes will correctly focus and converge upon it. Constantly
switching between the view of the image scene and that of the pointer may
exacerbate depth cue conflict. Furthermore, the presence of the tool may
interfere with image formation. In a previous work [Blundell and Schwarz,
2006], essential conditions for the use of the direct interaction technique are
identified.

Through the use of a physical interaction tool able to support haptic feed-
back, image components may appear to have substance.

2. Transferred Interaction: Here, the interaction and image spaces are separated
and the mapping from one to the other is achieved by means of some form of
computer-generated cursor. Thus, moving the interaction tool gives rise to a
corresponding (and hopefully intuitive) movement of the cursor. In principle,
this interaction modality may be used with all five of the forms of image space
summarized in Figure 1.15.

3. Pointer-Based Interaction: In this case, an interaction tool is used to project
a visible collimated beam (generated by, for example, a laser diode) into an
image space, and this may be used to provide a visual cue as to the orientation
of the pointer with respect to the image space. Additionally, the location and
orientation of the beam as it projects through the image space may be sensed
by the host computer and used to support more advanced interaction oppor-
tunities. This interaction technique is most suitable for use with some of the
forms of display that produce a physical 3-D image space. For example, the
use of conventional laser pointers may be particularly helpful when a number
of people are viewing and discussing an image scene created by a swept-
volume volumetric display (see Chapter 4). In this case, laser beams can
be readily seen as they impinge on the moving screen, and therefore image
features that are of interest can be readily indicated (also see Section 11.6).

1.6 INTRODUCING VOLUMETRIC AND VARIFOCAL
TECHNIQUES

In this section, we turn our attention to some of the basic characteristics of volumet-
ric and varifocal display systems. We begin by discussing the volumetric approach,
and here we largely confine our comments to issues that are of a general nature

42 Assuming that this is possible, as a consequence of the image space being located in front of,
rather than behind, the stereoscopic window.
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and independent of the underlying architecture used in the implementation of the
display. In Section 1.6.3, we briefly describe the varifocal technique and introduce
the basic principle of operation of this display paradigm.

1.6.1 The Volumetric Technique

Men wanted for hazardous journey.
Small wages, bitter cold,

long months of complete darkness,
constant danger, safe return doubtful.43

Common to all volumetric systems is a transparent physical volume (“image
space”) within which visible images may be created. Since these images are
depicted within a volume, they are able to occupy three physical dimensions and
therefore satisfy a number of pictorial, oculomotor, and parallax depth cues (see
Section 2.3). A definition of the volumetric approach was provided in a previous
work. This reads as follows:

A volumetric display device permits the generation, absorption, or scattering of vis-
ible radiation from a set of localized and specified regions within a physical vol-
ume. [Blundell and Schwarz, 2000]

In the next subsection we present an alternative definition that focuses on the nature
of the image rather than on the image creation process. Practically all volumetric
architectures proposed to date have produced images that emit light. However, this
is not an inherent feature of the volumetric approach; also, as indicated in the
above definition, the possibility exists for the creation of volumetric architectures
that give rise to images that are made visible by means of external illumination
(see, for example, Section 5.7). In such a case, removal of the external light source
would render the image invisible.

The volumetric display’s image space may be likened to a fish tank or spherical
goldfish bowl. The fish, weeds, and other objects within the water are equivalent
to the image components created in the image space under computer control, and
the observer has considerable freedom to view the scene from different orientations
(see Figure 1.16). In fact, many volumetric embodiments impose little restriction on
viewing freedom, and so one or more observers may simultaneously view the image
scene from different directions. However, most volumetric images are translucent
and lack the “solidity” of the aquatic scene. This can impact on the suitability of
such display systems for particular applications.44

43 Newspaper recruitment advertisement said to have been placed by Sir Ernest Shackleton in
1914 prior to his ill-fated Antarctic expedition.
44 For general discussion on volumetric systems, see, for example, Blundell [1998] and Blundell
and Schwarz [2002].
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However, although when images are viewed directly these cues ameliorate the lack
of image opacity, they are not available when volumetric images are photographed
by conventional means.

When volumetric images are photographed by conventional means, all non-
pictorial depth cues are lost. These include accommodation, convergence,
and binocular parallax. In the case of translucent images, this is particularly
problematic: The entire image scene is compressed onto a 2-D plane and
essential strengths of the volumetric approach are no longer conveyed to the
viewer.

In Figure 1.17 a photograph of a volumetric image is presented which illustrates
the loss of clarity that occurs when even a simple image is photographed con-
ventionally. In Figure 1.18, we provide a stereoscopic photograph of a stick figure
depicted on the cathode ray sphere (CRS) (see Sections 4.6, 7.2.1, and 12.3). When
either of the two photographs comprising the stereopair are viewed independently,
only pictorial depth cues are present and there is a loss of three-dimensionality.
However, when this pair of images is viewed correctly, the binocular parallax cue
provides a clear sense of relief, enabling the viewer to gain a better insight into the
volumetric approach.46 Conventional photographs that depict only the volumetric
image (and do not include additional background information) are of little value
(see Figures 1.16 and 1.19). However, in the case of simple volumetric images,
clarity is enhanced through the inclusion of additional context information (such as
a view of the location of the image within the confines of the image space—that
is, when the image and the containing vessel can both be seen). Such an image is
depicted in Figure 1.20.

In Table 1.1, various general strengths and weaknesses of the volumetric ap-
proach are summarized. The characteristics listed in this table should be considered
as indicative; they are not equally applicable to all volumetric embodiments. Fur-
thermore, some of the potential weaknesses arise not as a result of fundamental
problems associated with the volumetric approach, but rather as a consequence of
the considerable viewing freedom offered by many of these systems. Such weak-
nesses are indicated in bold typeface. In subsequent chapters we examine in greater
detail a number of the characteristics summarized in Table 1.1 and place these in
context by reviewing the characteristics of other approaches to the implementation
of 3-D display system technologies.

1.6.2 The Essence of the Volumetric Paradigm

It is instructive to briefly review the definition of the volumetric approach presented
at the beginning of Section 1.6.1. This emphasizes the image creation process

46 However, the stereopair fails to support motion parallax (see Section 2.3.3).
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TABLE 1.1 A Brief Summary of Various Strengths and Weaknesses that May be
Associated with the Volumetric Approacha

General Strengths of the Volumetric Potential Weakness of the Volumetric
Technique Technique

The majority of spatial information is
presented to the human visual system
in a natural manner.

The depth of the image space may
determine the distance over which
perspective information may be
naturally presented.

Considerable viewing freedom. Translucent images are generally
produced.

Support for multiple viewers. “God’s eye” view—nonimmersive.
Support for both accommodation and

convergence (these cues are not
decoupled).

Optimal image space form and
dimensions may vary with the nature
of the intended application.

Low-cost display technology. Most suited to the depiction of
images—the visibility of text is
affected by viewing location.

The observer(s) may readily perceive
the spatial form and/or separation of
objects lying within the image space.

The clarity of spatial relationships
may vary with viewing
direction—necessitating image
rotation or user mobility.

New interaction opportunities. Usually an observer cannot physically
enter an image space.

Relatively low computational
overheads.

An image space may exhibit anisotropic
and non-homogeneous characteristics.

aAlthough some are inherent characteristics (such as the “God’s eye” view), others are com-
monly associated with specific embodiments. A number of potential weaknesses arise or are
exacerbated by the very wide viewing freedom that is supported (at least in principle) by many
volumetric architectures. Thus, constraining viewing freedom may ameliorate these problems.
Such weaknesses are indicated in bold typeface

space volume, or the change in refractive index at the image space boundary, will
cause distortion/displacement of the perceived image. Furthermore, the degree of
distortion may also vary with viewing angle. The designer must therefore consider
not only the transparency of the image space but also its uniformity with respect
to the propagation of light. This is discussed further in subsequent chapters.

1.6.3 The Varifocal Approach

As discussed in later chapters, a broad range of approaches may be adopted in the
implementation of volumetric displays. Consequently, to simplify the introductory
discussion on these systems, we have described concepts that are of a general
nature, preferring to defer more detailed discussion until later chapters. However,
in the case of varifocal systems, the general techniques that may be brought to bear
in their implementation are more limited, and so it is appropriate to introduce this
class of display by means of a general hardware description.
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As we have seen, we have associated with the volumetric display a physical 3-D
image space within which computer-processed data may be depicted. Furthermore,
we have assumed that there is, no inherent disparity between the location and form
of the physical and perceived images. In fact, in the case of most other forms of
3-D display technology, the physical and perceived images are disparate. Varifo-
cal systems are no exception, because the physical image is cast onto a mirrored
surface whose continually changing curvature determines the extent of a volume
(image space) within which the perceived image resides or appears to reside.

The basic principle of operation of a varifocal display is illustrated in Figure
1.21. Here, a reflective (mirrored) coating is deposited on one side of a thin and
flexible membrane. The periphery of the membrane is held within a rigid frame, and
the membrane itself is continually flexed. As indicated in Figure 1.21, this may be
achieved by “stretching” the membrane across the outer edge of a large loudspeaker.
By applying an appropriate signal to the loudspeaker, the pressure difference across
the membrane will cause it to continually change curvature, thereby producing a
mirror of varying focal length. Appropriately computed slices of an image data set
are depicted on a 2-D display screen and are projected onto the varifocal mirror.
The user views their reflection.

As discussed in further detail in Chapter 10, an image space of useful dimen-
sions can be produced by small (and readily achievable) deflections of the mirror.

a b c

Sequence of
planar objects

CRT

Aluminized Mylar sheet
“varifocal mirror”

Acoustical driver
(loudspeaker)

A
B

C

Sequence of images
formed in the
“varifocal mirror”

Observer

Figure 1.21 The basic principle of operation of a varifocal display. A flexible membrane
with mirrored surface is attached to a large loudspeaker. Through the application of a suitable
signal to the loudspeaker, the mirrored surface continually varies its curvature and forms a
mirror with variable focal length. Image slices are depicted on a 2-D screen and reflected by
the mirror. Consequently, a 3-D image is formed within a virtual image space. (Reproduced
from Rawson [1969], with permission from IEEE.)
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Unfortunately, as the mirror changes its focal length, the magnification that it
provides also varies, and this impacts on the shape of the image space and causes
“anomalous perspective” (see Section 10.5.2). However, this difficulty can be
solved by scaling the image slices prior to their depiction. Unlike many volumetric
approaches, the varifocal technique provides only a single window onto the dis-
played image. Consequently, as with volumetric techniques that significantly restrict
viewing position, the varifocal approach is readily able to support the depiction of
both text and graphics.47 In Chapter 10, we discuss the operation of varifocal sys-
tems in greater detail and review some of the displays that have been developed
over the years. This discussion includes a brief outline of a varifocal technique
developed by Lawrence Sher in which the membrane mirror is replaced with a stiff
resonant structure (see Section 10.5.3).

1.7 DISCUSSION

Why does this applied science,
which saves work and makes life easier,

bring us so little happiness?
The simple answer runs;

Because we have not yet learned to make sensible use of it.48

In this chapter we have laid various foundations that will provide a basis for
subsequent discussion. Our brief consideration of the history of television provides
us with a useful reference by which we can begin to gauge the difficulties associated
with the introduction of 3-D display technologies. Certainly, the technical problems
that we may encounter in the implementation of these displays (and associated
interaction tools) are more easily dealt with than are the difficulties in relation
to taking a prototype display from the laboratory and turning it into a successful
and widely used commercial product (see Blundell and Schwarz [2006] for related
discussion).

In Section 1.2.2, we briefly discussed changes that have taken place in the inter-
face between the display and the data acquisition/interaction systems. Here—for
example, in the very early proposals for television—we encounter designs in which
an image is converted into electrical signals by a 2-D array of elements. Each
element is then directly connected to a corresponding element in the display appa-
ratus. However, the impracticality of such an arrangement was soon recognized (in
terms of the number of wires needed for the link between “camera” and display),
and techniques that would support serial (rather than massively parallel) intercon-
nects were proposed (see, for example, Figure 1.1). However, as components and
devices were refined, it became possible to connect data acquisition hardware to
the display via circuits able to perform analog computation, and this facilitated

47 Although the inclusion of text may cause the image space to become cluttered.
48 Attributed to Albert Einstein (1875–1955).
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interaction opportunities (see, for example Figure 1.9).49 During the course of the
last 30–40 years, the development and proliferation of computer-based technolo-
gies has made it possible to interconnect data acquisition devices, display hardware,
and interaction tools by means of digital systems that offer almost unlimited flex-
ibility. No longer is it necessary to focus on the ways in which the display can
be directly coupled to the data acquisition hardware; such issues can be dealt with
within the digital domain. However, while this has made the designer’s work much
simpler, it has meant that data acquired from practically any source is processed
in such a way as to enable its depiction on the conventional flat screen display.
In certain applications, this is far from an optimal arrangement and can result in
reduced visualization and interaction opportunities.

Finally, in this chapter we have provided an insight into the nature of volumetric
and varifocal systems. These two display paradigms will be discussed in some depth
in subsequent chapters.

1.8 INVESTIGATIONS

1. Discuss, within the context of image distortion, the impact of employing solid
spherical, cylindrical, and cubic image spaces.

2. A volumetric image is confined within a physical image space. Discuss the
impact that this may have on interaction opportunities.

3. Discuss the acoustic noise that may be associated with the varifocal technique.

4. Volumetric images are normally constructed using voxels (a voxel is the
3-D equivalent of the pixel employed by the conventional flat screen com-
puter display). Why is a raster graphics approach often not adopted (i.e., the
exhaustive scanning of an image space)?

5. Discuss the difficulties faced during the 1930s in relation to the development
and introduction of television. In what ways do these parallel the problems
faced by those attempting to develop and introduce creative 3-D display
systems for computer-based applications?

49 Prior to the early 1960s, the majority of patents describing volumetric displays also include
designs for appropriate data capture hardware. However, in the case of more recent patents,
researchers tend to focus on either data acquisition or data display—but not both. This reinforces
the notion that with the introduction of computer hardware it has become possible to clearly
separate the subsystems and leave the computer to deal with their union.




