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Abstract

Closed circuit television is widely used in industry for surveillance, inspection or 

to enable tasks to be carried out remotely because restricted space or a hazardous 

environment prevents man-access. Two drawbacks are (i) that cathode ray tube (CRT) 
displays generate an intermittently illuminated image which often appears to flicker, (ii) 
that with a single camera scene depth may be poorly reproduced.

In book 1 guide-lines are presented for minimising display flicker. Previous 

research also suggests intermittent illumination may disrupt eye movements, making 

saccades overshoot at 50Hz but less so at higher display field rates. A proportion of 
saccades may be followed by corrective saccades whose almost inevitable latency may 
lead to a measurable difference in performance; a visually demanding task may be 
accomplished more quickly and possibly more accurately with a display field rate greater 
than 50Hz. However in this study, for visual search and reading tasks, performance was 
largely unaffected by display field rate. In further experiments eye movements were 

recorded and the distribution of saccades and fixations analysed. Saccadic overshoots 
followed by corrective saccades were relatively rare, but there was evidence that saccades 
were enlarged at 50Hz with respect to the same display at 100Hz. The lack of corrective 
saccades probably explained why performance was largely unaffected.

In book 2 depth cues in human vision and their transmission by closed circuit 
television are discussed. The principles of stereoscopic television systems built by 
UKAEA Harwell Laboratory to improve depth perception are described. As earlier 

experiments have been largely equivocal about the advantages 3D TV, two new 

evaluations were performed, based on real applications, attempting to avoid previous 

pitfalls. In the first, aligning a steel plate with a rack was accomplished 17% faster with 

3D TV. However in the second, little difference was found in the accuracy with which a 
manipulator could be positioned. This was probably due to the poor control system of the 

robot rather than insufficient visual feedback. Videotapes indicated a single 3D view was 
sufficient for both tasks.
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Chapter 1

1. Introduction.

Cathode ray tube (CRT) displays are in widespread everyday use in the 

workplace and for entertainment. The basic technology has been around for a long time 
and display characteristics are generally extremely good with high resolution and 

reasonable brightness easily achieved. The technology is rugged and reliable and will 

remain the preferred choice in many applications for a long time to come. CRTs are 
used in computer terminals to display text and graphics information and in television 
systems to display an image seen by a camera some distance away. Large organisations 

may have a computer or computer terminal on every desk-top. Many industries rely 

extensively on television systems for surveillance, inspection or to enable operations to 
be carried out remotely. In the chemical and nuclear industries where man-access is 

prohibited by the hostile conditions, operations are routinely carried out under remote 
control and would be inconceivable without closed circuit television. Day-to-day safety 
in many diverse areas, from nuclear reactors to jet engines is assured by frequent 

television inspections.

In these areas where CRT displays are used intensively, often for many hours at 
a time, it is important that the display does not unnecessarily impair the visual 
performance of the user; for a trader on the stock market, misreading a computer 
display may literally be very costly; in the television inspection of safety critical 
components the implications are obvious. Most of the displays in common use have 
refresh rates in the region of 50Hz to 80Hz; the illumination is intermittent and often 
they appear to flicker - one of the main drawbacks of CRT displays. This can be 
annoying, sometimes extremely disturbing and in a very small proportion of the 

population can induce epileptic seizures. Book 1 is about the effects of intermittent 

illumination from CRTs on visual performance. Primarily, the work was directed 

towards the use of closed circuit TV for inspection and remote operations, but is also 

applicable to computer displays.

Book 2 is about the design and use of stereoscopic (or 3D) TV to provide visual 
feedback for remote operations, particularly in the nuclear industry (which provided 

sponsorship). 3D TV is not new, but in this study a system built by UKAEA (United 
Kingdom Atomic Energy Authority) Harwell Laboratory was used which is generally 

superior to most systems currently or previously considered for these applications. The 

motivation was the same as in book 1; could performance in remote operations be 

improved by using stereoscopic television?
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1.1 Study Aims

1.1.1 Display Flicker

In book 1 (chapters 2 -1 6)  the aims were:-

i) To review the literature, summarising the factors which affect the perception 
of flicker and to discuss their relevance to CRT displays.

ii) To provide recommendations for minimising flicker from CRT displays and 
hence improve viewer comfort.

iii) To investigate the effects of intermittent illumination from CRT displays on 

visual performance. In particular, whether increasing the display field rate 

could improve performance in visual search and reading tasks.

Chapter 2 describes the construction and operation of CRTs; why raster scanned 
displays generate an image which is intermittently illuminated. Chapter 3 briefly 
describes the human visual system, the apparatus for perceiving flicker. Aim (i) is 
covered by chapter 4, which is also the basis of the guide-lines presented in the 
conclusions (aim(ii)).

Aim (iii) was the starting point for the experimental work. The hypothesis was 
that a visually demanding task would be performed more quickly and possibly more 
accurately with a display field rate greater than 50Hz. This may be because intermittent 
illumination upsets the control of saccadic eye movements, making them overshoot their 
target. At 50Hz the overshoot may be very much larger than at higher field rates and a 

proportion of saccades will be followed by corrective saccades. Since there is an almost 

inevitable pause between saccades, this could lead to measurable differences in task 
performance. The distinguishing features of saccadic eye movements are described in 

chapter 5; also the operating principle of an infra-red eyetracker.

In chapter 6 the reasons for proposing this hypothesis are discussed in detail and 

chapter 7 gives an overview of the first two of four experiments. The first of these 
(chapter 8) compared subject performance of a visual search task displayed at field rates 

of 50, 80 and 100Hz. The second (chapter 9) looked at reading rate and comprehension 

with a display field rate of 50Hz or 100Hz. Chapter 10 is a discussion of these two 
experiments.

Chapter 11 introduces two further experiments in which eye movements were 

recorded for 50Hz and 100Hz display field rate. An evaluation of the eyetracker is also 
described. The implementation of a digital signal processing technique to extract 
saccades and fixations from eye movement recordings is described in chapter 12.
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Appendix 3 gives the theoretical basis for this technique. Chapters 13 and 14 describe 

these two experiments in detail, giving results and analyses which are discussed in 
chapter 15. Finally, chapter 16 sets out the conclusions of book 1, about the viewing 

conditions required to minimise the perception of flicker, the effect of display field rate 

on subject performance of a visually demanding task and differences in the pattern of 
eye movements during the task. Appendix 1 briefly explains the terms and statistical 
methods used in the data analyses.

1.1.2 Stereoscopic Television

In book 2 the aims were:-

i) To review the depth cues in human vision with particular reference to how 

they are modified by normal 2D and stereoscopic television systems.

ii) To outline the principles of 3D TV, in particular systems built at Harwell, 

and based on the literature and practical experience, set out the factors which 
make stereoscopic pictures comfortable to view.

iii) Review previous evaluations of 3D TV for remote operations.

iv) To evaluate a Harwell 3D TV system for two real applications, avoiding 
the pitfalls of previous evaluations. One of these experiments was concerned 
with speed of operation, the other with accuracy.

The contents of book 2 in pursuit of these aims are described later, in chapter 17.

15



Book 1: Flicker.

Chapter 2

2. Basic Principles of CRT displays.

To explain the origin of the intermittent illumination from television displays 

and computer VDUs this chapter describes the basic design and operating principles of 

cathode ray tubes.

2.1 Design and Construction of Display Tubes.

In 1929 Zworykin combined for the first time the two essential elements of a 
modern CRT; a small thermionic cathode and an electron optical system (Zworykin & 

Morton 1940). These are contained within an evacuated glass "bottle" flattened at one 
end to form the familiar screen seen by the viewer. The cathode is held at a negative 
electrical potential and when heated emits electrons. These are accelerated, collimated 
and focused by the electron optics to form a beam. The beam is directed at a phosphor 
coating on the rear surface of the screen which emits light when bombarded with 
electrons. By directing the beam, with varying intensity at different parts of the screen 
the displayed image can be built up. The intensity of the beam is modulated by varying 
the voltage on a control grid in the electron gun.

Since 1929 CRTs have developed considerably and in the 1950s colour CRTs 
were first introduced. Whilst monochrome tubes have only a single electron gun and a 
uniformly coated phosphor screen, colour tubes have three guns and the rear of the 

screen is coated with a mosaic of phosphor dots which emit red, green or blue light. The 

three electron beams, directed by a common deflection system, excite these primary 

coloured phosphors. By means of the shadowmask placed close to the screen one beam 

lands only on red emitting dots, the second on the blue and the third on only the green 

dots. Thus the relative intensities of the three beams determine the colour displayed.

Because the shadowmask reduces the number of electrons hitting the screen and 
the phosphor triads have a finite size, colour CRTs generally give a slightly dimmer and 
lower resolution picture than monochrome displays. For most of the experiments in this 

study a monochrome CRT display was used, but the first part of experiment 1 used a 

colour display. Generally however, these differences were not apparent.
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2.2 Raster Scanning and Line Interlacing.

To build up the displayed image, the electron beam is made to scan the CRT 
screen. The beam is deflected by a magnetic field generated between two pairs of coils 
around the tube neck. If the rate of scanning is high enough the whole screen will 
appear to be equally illuminated. The screen is scanned in a raster of horizontal lines 
starting from the top, moving progressively down the screen. Lines are scanned from 

left to right, and when the beam reaches the right of the screen is rapidly returned to the 

start of the next line. Similarly when the last line has been scanned the beam returns to 
the top left hand comer. The rapid retraces of the beam from right to left and bottom to 
top are known respectively as line and field flyback. During flyback the beam current is 

reduced to a level where it does not excite the display phosphor and flyback is hence 
invisible. The number of lines and the frequency with which they are scanned depends 
on the display application. For television in Europe 625 lines are scanned 25 times a 

second. In the USA and Japan 525 lines are scanned 30 times a second. Computer 

VDUs may use either of these standards, or scan up to about 1000 lines between 60 and 
80 times a second.

To ensure that picture information is displayed at the correct screen location the 
display scans must be synchronised with the device generating the picture. This is 

achieved by adding synchronising pulses to the picture signal. Line flyback is instigated 
by the leading edge of a single line synchronising pulse. Field synchronisation signals 
are more complicated, being made up of a sequence of broader pulses.

For television transmission bandwidth has always been at a premium and 
therefore line interlacing is used to double the apparent rate at which lines are scanned 

without doubling the bandwidth required. In Europe, if the whole picture were refreshed 
25 times a second an appreciable flicker would be perceived. Instead, the 625 lines 

making up the picture (or frame) are divided into two fields of 312.5 lines. The first 
field (known confusingly as an even field) comprises of the 1st, 3rc*, 5 ^ , 7 ^ ... etc. lines 

across the screen, and the second field, (the odd field) the intervening lines ( -  however 

the lines are normally numbered according to the order in which they are scanned rather 
than their position on the screen). Odd and even fields are scanned alternately so that 

one of an adjacent pair of lines is refreshed every 5 0 ^  of a second (BBC and IB A 

1971). An interlaced scan of 12 lines is illustrated in figure 2.1. If the screen is viewed 

from a distance where it is not possible to resolve the individual lines, then the whole 

screen appears to be refreshed 50 times a second.

A raster scanning system can be defined in terms of Llf/i:l where L  = the 

number of lines scanned ,/= the field rate (in Hertz) and i = the interlace factor. Thus in 

Europe a 625/50/2:1 scanning system is used, whilst the American and Japanese
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systems use 525/60/2:1. Computer VDUs can be either interlaced or non-interlaced, but 
are usually the latter.

Start of fir^t field Start of $econd field

Lane Lane

Lane Line

Lane lin e

Lane Lane

Lane lin e

lin e lin e

End of firpt field End of decond field

Field flyback

Figure 2.1 

A Twelve Line Interlaced Scan.

2.2.1 Display Resolution.

The resolution or definition of a CRT display is a measure of its ability to deal 

with fine detail and to reproduce a sharply defined image. The possibility that 

differences in display horizontal resolution influenced the results of experiments 1 and 2 
is discussed in chapter 10.

Vertical resolution determines how sharply horizontal edges will be defined, and 
horizontal resolution determines the sharpness of vertical edges. There is an important 

difference between the two directions in that the vertical dimension is sampled because 

the electron beam moves in discrete steps (lines) down the raster whilst in the horizontal 

direction the signal varies continuously. Vertical resolution is determined by the number 
of lines scanned, but is also affected by the sampled nature of the vertical scan. 

Consider displaying a picture which consists of horizontal black and white lines with a 

spacing equal to that between the scan lines. If the lines of the picture coincide with the
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scan lines then the picture will be displayed perfectly. However if the picture were 
displaced downwards by a distance equal to half the spacing between lines, the pattern 
would completely disappear. Generally, to take account of this effect (aliasing) the 
number of active scan lines is multiplied by a factor of about 0.7 to arrive at a figure for 
vertical resolution. This factor is known as the Kell factor after an early TV researcher 
(Kell, Bedford & Trainer 1934).

Horizontal resolution is often expressed in terms of the equivalent number of 
scan lines in a distance equal to the picture height. A visual judgment is made of the 
highest spatial frequency visible whilst viewing a calibrated chart or test signal 
comprising a series of vertical gratings of increasing frequency. For a periodic grating 

of vertical black and white lines the equivalent of two scan lines would be required to 
reproduce each cycle. Thus horizontal resolution is often specified as the limiting 
resolution.

A more complete representation can be obtained by plotting the modulation 
transfer function (MTF) of the display. To do this a signal is input which represents a 
range of spatial frequencies (Keller 1986). The modulation of the light output is 
measured as:-

Lm ax- Lmin ^  ,
M  = 7-------—j—  (2.1)

^m ax  +

Where Lmax is the luminance of the white stripes and Lm(n the luminance of the

dark stripes. Plotting M  against frequency or equivalent number of TV lines gives the 
MTF of the display. Figure 2.2 shows the MTF for a colour CRT (Trinitron) typically 
found in domestic television equipment. Not only can the limiting resolution be 

estimated but resolution can be specified more rigorously as the number of TV lines 

where (for example) modulation depth falls to 10%. In practice this is not often done as 

it involves very accurate measurement of the light output from very small areas of the 

display screen. Alternatively, MTF can be calculated (by Fourier transform) from the 
luminance profile of the scanning spot.

Horizontal resolution depends directly on the bandwidth of the electronics 
controlling the CRT beam current. The minimum bandwidth F required for a display to 

have a resolution of L  lines per picture height is given by:-

F  =  j f  (2.2)

Where T  is the time taken to scan one line minus the time taken for line flyback.
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Figure 2.2

Resolution also depends critically on the size, shape and luminance profile of the 
light spot which results when the electron beam hits the screen phosphor. Finally, 
resolution depends on the type of CRT. As noted earlier monochrome tubes are 
intrinsically capable of higher resolutions than colour tubes. Resolution in colour CRTs 
also depends on the type of construction e.g. Trinitron, PIL or Delta Gun types, (White 

1982) and is often a compromise to avoid excessively dim pictures.

2.3 Display Phosphors.

At the CRT screen the energy of the electron beam is absorbed by the phosphor 

and emitted as light. When the beam has moved on light output does not cease 

immediately, but continues for a short while by the process of phosphorescence. During 

phosphorescence the light output decays at a rate given by the persistence characteristic 

of the phosphor. Phosphor characteristics are classified by the Joint Electronic Devices 

Engineering Council (JEDEC 1971) in the USA and allocated serial numbers P I, P2, 

etc in chronological order of registration. The intermittency of the illumination from 

CRT displays depends on the phosphor persistence, which therefore has an important 

influence on the perception of display flicker.

For many phosphors the spectral distribution of the light output has a single peak 

and the phosphorescence decays exponentially. For these, the persistence is usually 

given as the time taken for the light output to have decayed to 10% of its peak value.
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Phosphors are available with persistences ranging from less than a microsecond to many 
seconds. Other phosphors have several components which emit light at different 
wavelength and have different persistences. For example, P4 is a phosphor commonly 
used in monochrome television monitors which has a short persistence blue and a 
medium persistence yellow component.



Chapter 3

3. The Human Visual System.

Flicker is a subjective phenomenon, the sensation which may be experienced by 
a human observer looking at an intermittently illuminated stimulus. This chapter gives a 
brief description of some properties of the human visual system. More detailed 
information can be found in any standard text (e.g. Ripps m J  u/eak 14?

3.1 Structure of the Eye.

The human eyeball is approximately spherical and about 20mm in diameter with 

a tough white outer membrane, the sclera. Light enters through the cornea and is 
focused onto the light sensitive retina. In forming an image on the retina most of the 
refraction occurs at the cornea, the rest at the lens which is controlled by suspensory 
ligaments attached to the ciliary body. The aperture of the eye, or pupil, through which 
light enters varies in diameter between about 2 mm a«d  depending on scene 
luminance, focusing constraints, emotional state and age. The size of the pupil, like the 
aperture of a camera, is controlled by an iris. In the eye this is a muscular disc with 
radial dilator fibres and circular sphincter filaments.

3.1.1 Structure of the Retina.

The light sensitive surface of the retina is not uniform; there is a region near the 
centre, the fovea, where vision is most distinct. In fact the structure of the retina is 
slightly surprising considering its function; the light sensitive cells are not the first, but 
practically the last encountered by light arriving from the lens. Light passes first 

through a web of fibres connecting the retina to the optic nerve, then through the neural 

layers of the retina, finally reaching the photoreceptive cells. The nerve fibres traversing 
the surface of the retina coalesce at the blind spot, a region without photoreceptors, to 

form the optic nerve which passes through the back of the eye to the brain. In addition 

light has to pass through a tracery of blood vessels on the surface of the retina before 

reaching the light sensitive part, although nerve fibres and blood vessels largely divert 

around the fovea.

There are two classes of photoreceptor, rods and cones, named after 
morphological features visible through the microscope. Rods are long (~20 J i m )  
cylindrical elements whilst cones are shorter, fatter cells which taper from their base to 
distal end. The distribution of rods and cones is not uniform across the retina. Cones are 

most numerous and densely packed at the fovea which conversely contains no rods, 

although foveal cones are almost rod-like in appearance. Moving away from the fovea, 

the density of cones falls quite rapidly, whilst rod density increases to a maximum at
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about 20 degrees of eccentricity and thereafter decreases towards the periphery of the 

retina.

Rods and cones are associated with different aspects of vision; rods with 
scotopic or night vision, cones with photopic or daylight vision. Rods are highly 

sensitive to light but not to colour. Cones are less light sensitive but, for persons with 
normal colour vision, exist in populations sensitive respectively to red, green and blue 
light. Colour vision is therefore only possible under photopic illumination. Visual 

resolution is much greater for photopic than scotopic vision, although this may reflect 

differences in the way the receptors are connected at least as much as intrinsic 

differences between rods and cones. Television displays and VDUs usually engage only 

photopic vision.

In the neural layers of the retina the photoreceptors connect with bipolar cells, 

which in turn connect to ganglion cells. Many rods connect to a single bipolar cell, but 
in the fovea at least, there may be a single bipolar cell for each cone. In the peripheral 
retina there is pronounced summation of photoreceptor output with many rods 

connected to a single bipolar cell, and many bipolar cells to a ganglion cell. Thus 
peripheral vision is very light sensitive but has low spatial resolution.

3.2 Visual Pathways to the Brain.

Figure 3.1 shows schematically the visual pathways to the brain. The left and 
right optic nerves come together at the chiasma where fibres from the nasal halves of 
both retinae cross-over and join fibres from the temporal half of the retina of the 
opposite eye. The fibres then extend from the optic chiasma to the lateral geniculate 

nucleus (LGN). Thus the left half of each retina (and therefore right half of the visual 
field) projects to the LGN in the left hemisphere of the brain, and the right half of the 

retinae to the right hemisphere. Some
fibres of the optic nerve terminate not in the LGN but in the pretectal region and 

superior colliculus and are associated with pupillary reflexes and eye movements. The 

hypothesised effects of display flicker may be mediated by these connections.

From the LGN^ fibres connect to the striate region of the visual cortex. There 

appears to be a direct topological mapping between regions of cortex and retina with an 

expanded representation of the fovea. (Talbot and Marshall 1941).
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Figure 3.1 
Visual Pathways to the Brain

3.3 Response to Visual Stimuli.

Complementing the structural description above, the following sections outline 
some functional aspects. Much of this is directly relevant to the discussion in chapter 4 

on the factors which affect the perception of flicker. The rest is relevant to the work in 
book 2.

3.3.1 Light and Dark Adaptation.

On first entering a darkened room from bright sunlight it is not possible to see 

anything, but gradually the eye becomes accustomed to the dark and objects emerge 

from the shadows. The eye becomes dark adapted. Light adaptation occurs on leaving 
the darkened room. Adaptation is the ability of the eye to adjust its sensitivity to the 

prevailing illumination. The eye operates over a range of about 10 orders of magnitude 

of light intensity, in photographic terms about 33.5/s to p s . To span such an enormous 

dynamic range the eye has two modes, scotopic and photopic vision. The iris 

contributes only a small amount to the dynamic range, about 1 order of magnitude, and 

the range of scotopic and photopic vision combined is only about 5 orders of 

magnitude. To complete the dynamic range there is adaptation within each mode; the 

absolute threshold above which light can be detected changes with the exposure to the 
ambient light level. The amount of light falling on the retina is often expressed in 

Trolands, the product of field luminance in cd /m ^  and pupil area in rnrn^.
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The time course of dark adaptation has two distinct stages. The cones adapt from 
a high initial threshold and reach a plateau after about 4 minutes. The rods adapt much 

more slowly and the minimum threshold is reached after about 30 minutes in the dark.

3.3.2 Spectral Response.

The wavelength of the visible spectrum extends from about 38(^(violet) to 720 
nm (red). The eye is not equally sensitive across the spectrum, but is most sensitive to 

green light. To reflect this there are internationally agreed sensitivity curves determined 
by the CIE (Commission Internationale de l'Eclairage) for a "standard" observer. The 
curve for photopic vision (from Hunt and Darby 1984) was used in experiment 1 to 
calculate an overall phosphor decay function for light output from a colour CRT 

monitor with a P22 phosphor (see section 7.1).

3.3.3 Spatial and Contrast Sensitivity.

Contrast is necessary for the perception of form; without contrast the visual field 
would simply appear uniform. Small objects and fine detail require more contrast to be 
perceived than larger objects and coarse detail; there is a necessary connection between 
spatial sensitivity and contrast sensitivity. This is also apparent from the phenomenon of 
Mach bands. Where uniform areas of different luminances abut, the brightness of the 
area of higher luminance apparently increases near the boundary, whilst that of the 
darker area apparently falls to a lower value. Illusory bands (Mach bands) of enhanced 
contrast are generated by the boundary (Cornsweet 1971).

Spatial and contrast sensitivities are usually considered together, bringing to 
bear the idea of modulation transfer described in section 2.2.1. Essentially, for sinewave 
gratings of different spatial frequency, the minimum modulation (or contrast) necessary 
for the grating to be perceived as a grating rather than a uniform field (or the reciprocal 

of modulation) is plotted against spatial frequency. A sinewave grating is a series of 

equally spaced lines with a luminance profile, perpendicular to the lines, which varies 

sinusoidally as the grating is traversed. The frequency of the grating is given by the 

spacing of the lines (often in cycles per degree of visual angle) and the modulation by 
equation (2.1). The curve is characteristically an inverted "j" shape with maximum 

contrast sensitivity at around 5 cycles/degree, depending on the mean luminance, 
wavelength of illuminating light and the orientation of the grating. Figure 3.2 shows an 

example from De Valois et al (1974) for the approximate luminance levels produced by 

CRT displays. The way in which both of these factors interact with the perception of 
flicker is described later.

i
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Figure 3.2 
Spatial-Contrast Sensitivity Function.

The impetus for plotting contrast sensitivity functions comes from the 
prominence given to linear systems theory in the analysis of electronic, communications 
and control problems (see Schade 1956). The analogous plot for an electronic circuit 
would be the Bode plot (Fitzgerald, Higginbotham and Grabel 1981). Apart from 

providing a good visualisation of the performance of a circuit, it is possible to specify 

the performance of cascaded systems by multiplying the Bode plots of the individual 
sub-systems. In addition, since Fourier's theorem states that all system inputs can be 

described as a sum of sinusoidal components (Lanczos 1966), the Bode plot completely 
characterizes a system and its response to any input can be deduced, providing the 
system is linear. A system is linear if the output for a composite input signal is the sum 

of the outputs obtained when each component of the composite is input separately to the 

system (see also appendix 3).

However there are important differences and the analogy should be used with 
caution. Contrast sensitivity functions are determined by varying the input until a 

subjective criterion, threshold visibility of the grating pattern, is reached whilst Bode 

plots are the system output for a constant amplitude input. The two methods are 
equivalent for small signals only if the system is linear and the subjective criterion 

corresponds to a constant output from the system. Also, to characterise the system



completely, the Bode plot includes the relationship between phase shift and frequency. 
This information may be difficult to obtain for contrast sensitivity curves.

3.3.4 Visual Acuity.

Although subsumed by the idea of spatial and contrast sensitivity, visual acuity 
is described separately because a Snellen chart test (conforming to BS4274) of visual 
acuity was used in screening subjects who participated in these experiments. Clinically, 

visual acuity is determined by the smallest detail which can be seen at high contrast, 
corresponding to the limiting value of the contrast sensitivity function.

The Snellen chart consists of rows of letters of approximately equal legibility. 

The rows are graded in order of decreasing size and read from a standard viewing 

distance of 6 metres. In decimal notation, if an observer can read down to the row 
where the distinguishing characteristics of each letter (e.g. the gap in the letter "C") 

subtends an angle 1' of arc he has a visual acuity (VA) of 1.0. If the smallest row legible 
is 2' arc then his VA is 0.5. An alternative notation expresses this in terms of the 
viewing distance in metres. A VA of 1.0 would be 6/6 (or 20/20 if the viewing distance 
is in feet); a VA of 0.5 would be 6/12. The denominator indicates the distance at which 
the target detail would subtend an angle of 1' of arc (Fox 1973).

The visual system can detect objects very much smaller than the minimum 
legible letter; a single line can be detected against a uniform background even when it 
subtends an angle of less than 1" of arc at the eye, and detection of a lateral 
displacement of about 1" to 2" of arc between two abutting line segments (so-called 
vernier acuity) can reliably be demonstrated (Thomas 1975).

3.3.5 Accommodation.

The distance between the cornea and retina is essentially fixed, but the lens is 

elastic (at least in the youthful eye) and by changing the shape of the lens the eye can 

focus over a wide range of object distances. Contraction of annular muscle fibres in the 

ciliary body affects changes in lens thickness, and thus the eye accommodates to points 

of interest at different distances away. By accommodation the eye can focus from a near 

point 7 -100cm away to a distant point at infinity. The near point depends on age; 7cm is 

typical for early teens and 100cm for middle-age. In dioptres, the amplitude of 

accommodation declines with age from about 15D at age 5years to about 4D at 45 years 
(Alpern 1962) - the age of the oldest of the subjects used here. (Dioptres are a unit of 

reciprocal focal length defined such that a lens with a power of 1 dioptre (ID) has a 

focal length of lm.)
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Chapter 4

4. The Perception of Flicker.

The flicker from raster scanned, interlaced displays is usually made up from 

three components. Large, bright areas will flicker at field rate; if the line structure is 
visible, a patterned flicker at frame rate known as interline flicker will be evident, and 

picture detail which excites only a single scan line will flicker also at the frame rate. 
Strictly, the second of these is best described as jitter rather than flicker. Non-interlaced 
displays exhibit only the first and third of these, as obviously frame and field rate are 
identical.

4.1 Factors Affecting Perception of Flicker.

There have been an enormous number of psychophysical experiments on flicker; 

it is evident that there are a large number of variables and that the details of the 
experimental design are fairly critical to the outcome. A detailed summary is difficult. 
Many results probably cannot be applied to television displays in a quantitative way; 
traditional flicker studies have used uniform fields and sinusoidal or squarewave 
modulation, sometimes at very low levels, whereas the flicker in television pictures is 
spatially and temporally complex, usually at high levels of modulation. However it is 

likely that the results can be applied in a qualitative way.

In the same way that contrast sensitivity functions can be plotted as a function of 
spatial frequency, modulation sensitivity can be plotted as a function of temporal 

frequency. For a particular depth of modulation, the frequency at which a flickering 
source first appears to be steady is called the Critical Fusion Frequency (CFF). The 

sensitivity curve is thus the locus of CFF. Figure 4.1 shows three typical response 

curves at different retinal illuminances determined by de Lange (1958), after whom 
such curves are sometimes known^Th^, curves in figure 4.1 were for a complex 

waveform where modulations of ^  100% at the fundamental frequency were
possible. Many earlier studies measured CFF at fixed modulation depths, and therefore 

examined only the way CFF moved along a line parallel to the abscissa as the 

experimental variable was manipulated. Generally, CFF ranges from a few Hz up to 
around 100 Hz.
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Figure 4.1
Modulation Amplitude o f Fundamental Sinusoidal Component vs CFF.

The main factors found to affect CFF are (mostly from Brown 1965):-

4.1.1 Field size.

CFF increases linearly with the log of field size or visual angle subtended for a 

wide range of luminance levels. This is often known as the Granit-Harper law and has 

been verified for fields of up to 50 degrees of visual angle and centred at retinal 

locations up to 10 degrees away from the fovea.

4.1.2 Field luminance.

Over the range for which the Granit-Harper law operates, CFF increases linearly 

with the log of retinal illumination. A change in CFF of 10 Hz for each tenfold increase 

luminance is fairly typical. This is sometimes known as the Ferry-Porter law.

At high retinal illuminance, about 3200 Trolands, the curve flattens out. If the 

pupillary diameter is taken to vary between 2m m  and 8mm, this would correspond to a 

screen luminance of somewhere between 16 and 256 cd/sq m. As pupil diam eter is 

determined by a num ber of factors other than the amount of incident light, it is not clear
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whether the upper limit, above which field luminance has little effect, lies within the 
range of screen luminances commonly found in TV displays. Here the maximum 
luminance is typically in the range 60-150cd/sq m. At low luminances a second branch 
to the curve develops where only rod photoreceptors are stimulated. This is below the 

luminance levels generally encountered in television displays.

At flicker frequencies above fusion the perceived brightness is proportional to 
the time averaged luminance of the flickering field. This is the Talbot-Plateau law and 

the implication is that CRTs with short persistence phosphors have to produce much 
higher peak luminances than long persistence tubes to achieve the same apparent 

brightness.

4.1.3 Retinal location.

For small sized fields CFF decreases with increasing distance from the fovea, 
but for larger fields (>4 degrees) the reverse is true and CFF tends to be higher in 
peripheral vision. The latter case is applicable to CRT displays. For photopic vision, 

Rovamo and Raninen (1988) suggest that the Granit-Harper law can be generalised to 
any retinal location by replacing log field size with the log of the number of ganglion 
cells stimulated. The effects of field size and retinal location on CFF are thus related by 
the distribution of cones and the way in which their connection to ganglion cells varies 

across the retina.

Flicker is more likely to be a problem for a bank of display monitors where there 
will inevitably be one or more monitors in the peripheral field of vision (For example 
the control station shown in figure 22.3). In such cases it may be preferable to have the 

monitor scans synchronised to eliminate the possibility of beat frequencies becoming 

visible. Similarly for a monitor which subtends a large visual angle (say >30 degrees), 

the corners will be well into peripheral vision and may flicker even though the centre of 

the screen appears steady. Likewise, the centre of the picture may flicker when the 

extremes are viewed. The flicker will move around in the opposite direction to area of 

interest.

4.1.4 Adapted state of the eye

As the eye becomes more light adapted (section 3.3.1) CFF increases. Therefore 

ambient lighting and the nature of the immediate surrounding field are important. 
However, when the display subtends a large visual angle the luminance of the display is 

probably the most important factor in determining the adapted state of the eye.



4.1.5 Age.

Like most aspects of human performance, CFF declines with age; older persons 

are less sensitive to flicker.

4.1.6 The mark:space ratio of the flicker

Where the luminance profile of the flicker is a rectangular wave, i.e. either 

entirely on or entirely off, CFF is related to the mark:space ratio. This is the ratio of the 

time for which the light is switched on to the time for which it is off. If the average 
luminance is held constant then CFF increases very nearly in proportion to the log of 

the relative duration of the dark interval. A decrease in mark:space ratio will lead to a 
decrease in the perceived brightness.

4.1.7 The flicker waveform.

The visual system can be considered as a low-pass filter in the temporal domain; 

flicker at high frequency is never seen, at lower frequencies sometimes seen and always 
seen at low frequencies. CFF depends on the amplitude of the fundamental Fourier 
component of a complex waveform if the first and higher harmonics are outside the 

pass-band of the filter or at least highly attenuated by it (de Lange 1958). This is likely 
to be the case for television where the fundamental is not lower than 25Hz.

However the amplitude of the fundamental can be very different from the 
waveform's peak to peak amplitude. For a square wave the fundamental is 1.27 times 
the peak to peak amplitude, and for the waveform of a CRT with a short persistence 

phosphor the fundamental can be as much as twice the peak to peak amplitude of the 
complex waveform. Thus CFF would be higher than a sinusoidal waveform of the same 

frequency and amplitude.

4.1.8 Spatial frequency.

The human visual system does not process spatial and temporal information 

entirely separately; an image stabilised on the retina with respect to eye movement will 
rapidly fade, but under intermittent illumination the visual sensation remains. 

(Ditchburn et al 1959, see also section 5.1.3 on microsaccades)

Robson (1966) measured the variation of temporal modulation sensitivity with 
spatial frequency and its complement, the variation of spatial modulation sensitivity (i.e. 

the ability to distinguish a grating from a uniform field) with temporal frequency. 

Figure 4.2 illustrates this, replotting Robson's data for modulation sensitivity 
simultaneously as a function of spatial and temporal frequency. Similarly, Graham and 
Landis (1959) demonstrated a relationship between CFF and spatial frequency for
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sinew ave gratings with squarew ave tem poral m odulation. CFF exhibited  a m inim um  for 

a spatial frequency of 7.1 cycles per degree and was depressed by about 10Hz relative to 

a field w ithout striations. Thereafter CFF rose to slightly above its initial value as 

spatial frequency was increased to 20 cycles /degree.

Q uantitatively, Robson's results from  a field o f only 2.5 by 2.5 degrees with a 

m odulation depth considerably less than 100%, will not apply to television displays. 

S im ilarly , but to a lesser extent those of Graham  and Landis. H ow ever the existence of 

a spatio-tem poral interaction may explain the com m on observation that an interlaced 

picture has subjectively less vertical resolution than a non-interlaced one with the same 

num ber o f lines. It has been suggested that at a field rate of 50H z resolution is reduced 

by a factor of 0.8, at 60 Hz the factor is 0.87, and is 0.95 for 75H z. (Stone 1987, see 

also M onteath 1962).

Temporal Frequency (Hz) 0.3 0.3 Spatial Frequency (cpd)

Modulation

Figure 4.2
Modulation Sensitivity vs. Temporal and Spatial Frequency.

4.2 The Effects of Line Interlacing.

The idea behind line interlacing is to enable the transm ission of a larger num ber 

of lines for a given bandw idth than would be possible with a sequential scan. How ever 

interlace has the consequences that picture detail which excites only single TV line will 

flicker at half the field rate, that bright areas of the picture will exhibit a patterned
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flicker and horizontal edges will hop up and down, again at half the field rate. The 

spatial distribution of the intermittent illumination in interlaced pictures is therefore 
quite complicated.

Kelly (1969) performed several experiments with gratings of various spatial 
frequencies with adjacent bars flickering in opposite phases, somewhat similar to the 

lines of an interlaced TV picture, but at lower spatial frequencies. Generally the spatial 
pattern had little effect on CFF, but at lower temporal frequencies the sharpness and 

number of edges greatly influenced sensitivity; the greater the sharpness and the number 
of edges, the greater the sensitivity to flicker. White (1978) showed that subjectively 
there is a rapid diminution of picture quality once the interlaced line structure becomes 
visible. He also pointed out that from the often recommended viewing distance of 6 
times the picture height, a person with 6/6 or better visual acuity should be able to 
resolve the line structure of a 625 line display. Possibly, at 50Hz field rate interline 
flicker may fall below CFF, and the factors investigated by Kelly become important, 
(see also Westemik and Roufs 1989 for optimum viewing distance.)

Also, it is often observed that an interlaced display viewed peripherally flickers 
more than the equivalent sequentially scanned display; here the line structure cannot be 
resolved, but perhaps there is a greater spatio-temporal interaction than for foveal 
vision. This, and the observation that the improvement in resolution afforded by 
interlacing is not as large as expected, suggests that the benefits of line interlacing at 
50Hz or 60Hz are relatively small.

4.3 Prediction of CRT Flicker from a Modulated Homogeneous Field.

An experiment by van der Zee, Roufs and van der Meulen (1983) explicitly 

compared flicker thresholds for a modulated homogeneous field with those for a CRT 

display. The aim was to resolve whether CRT flicker could be predicted from 

experiments which used homogeneous fields. A homogeneous stimulus was generated 
by a fluorescent lamp behind an almost perfect light diffusing glass. A CRT displayed a 
plain raster of 2287 active lines on a screen which subtended approximately 12° by 16° 

of visual angle. Several levels of screen luminance were used with frequencies from 
120Hz down to 15Hz. Frame rates between 60Hz and 120Hz used a 2:1 interlace while 

the lower frame rates, generated by skipping fields, were non-interlaced and contained 

only half as many lines. The modulation depth of the homogeneous field was varied by 

varying the mark:space ratio of the drive to the fluorescent tubes, and for the CRT by 
optically superimposing the homogeneous field whilst driving to the fluorescent tube 
with DC.

Results were published only for 2 luminance levels, 50 and lOOcd/sq m. In both 

cases the maximum frequency at which flicker was visible was a little over 50 Hz, and
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so used a non-interlaced format. The m odulation depths required to see flicker on 50% 

o f the presentations were very sim ilar for hom ogeneous and non-hom ogeneous fields at 

fram e rate above 15 Hz, but CFF for the hom ogeneous field  was always higher. 

H ow ever the d ifference between the CRT display and the hom ogeneous field was about 

the same as the difference between subjects. A lthough van der Zee et al. concluded that 

it is reasonable to estim ate flicker thresholds for CRTs from  m odulated hom ogeneous 

fields, the com parison was not com plete. No results were given for CRT scans which 

used interlace (w hich may well have behaved differently), and the m axim um  

m odulation depth was 1. A t this depth of m odulation the output from the lightbox 

w ould have been equal to the mean light output from  the CRT, and therefore not very 

typical of television view ing conditions.

Chaplin and Freem an tie (1987) used an optical sensor, with a field o f view of 

about 2°, connected to a com puter to extract tem poral Fourier com ponents from 

d ifferen t VDU displays. The results were be displayed graphically, overlaid with scaled 

and norm alised subjective flicker sensitivity curves for various target sizes. D epending 

on w hether the fundam ental com ponent cut the flicker sensitivity curve, the perception 

o f flicker could be predicted. Figure 4.3 shows an exam ple.
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Figure 4.3
Prediction o f Visible Flicker from  Fourier Components.
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The problem was in finding appropriate subjective flicker sensitivity data. 

Chaplin and Freemantle collected their own data from 100 subjects using an array of 
flashing LEDs. The average intensity was 150cd/ sq m and three field sizes were used, 
5, 15, and 20 degrees. The data were included in their computer programme and 
intended to represent the upper sensitivity of 85% of the population. However in 
collecting their subjective data Chaplin and Freemantle seemed to have taken no 
account of the effects of ambient lighting or effects due to patterned flicker; the 
conclusions of van der Zee et al were also assumed to be universally true. In addition it 

was not clear how these data could be applied to VDUs which could not achieve a mean 
luminance of 150 cd/sq m. Despite sophisticated objective measurements, the 

predictions were probably only approximate.

4.4 Reducing Visibility of Flicker.

There are two obvious ways of reducing the flicker generated by a display; 
prolong the phosphor persistence or increase the field rate. The visibility of flicker can 
also be reduced by ensuring optimum viewing conditions.

4.4.1 Optimum Viewing Conditions.

The considerations given in section 4.1 suggest that the optimum viewing 

conditions to minimise flicker would involve viewing small dim monitors from far 
away in dimly lit rooms. In practice, these factors have to be balanced against the need 
to be able to resolve enough detail in the picture and the need to carry out concurrent 
activities, like paperwork. In addition, were it not for the flicker, large bright screens 

would be much preferred.

Some guide-lines suggested by Cakir, Hart and Stewart (1979) for the use of 

computer VDUs are as folio ws:-

• Contrast ratio characters:background, 10:1

Contrast ratio background:surrounding, 1:3

2
• Character luminance of 80-150cd/m

2
• Screen background luminance of 15-20 cd/m

• Ambient light level of 300-500 lux

Display subtends visual angle of 20 degrees.



Although there are differences between VDUs and television displays in that 
computer VDUs often use longer persistence phosphors, non-interlaced scanning, and 
are frequently required to display only two brightness levels, (character and 
background), these may be a good starting point for television displays. However a 
maximum contrast ratio of 10:1 when displaying a continuum of luminances, as with 

television, represents a severe compression of the contrast ratios which may occur in a 
real scene (for instance, on a bright sunny day a maximum of 10,000:1 might be found). 

Any restriction of the already limited range of contrasts that can be reproduced by 
television systems is likely to be unacceptable. To minimise flicker it is also important 
that display monitor black-level is set correctly. If parts of the picture which should be 
black are reproduced as some intermediate shade of grey it is possible that they will 
seem to flicker (see section 4.1.4). Such flicker can be avoided simply by adjusting the 

monitor correctly.

Welde and Cream (1972) suggested that although it is possible to minimise 
flicker in these ways, optimising the viewing conditions would not significantly reduce 
the flicker when a display is in the field of peripheral vision. This, together with the 
limiting nature of 'optimal' viewing conditions, indicates a need to reduce flicker at 

source.

4.4.2 Phosphor Persistence.

An increase in phosphor persistence would reduce the amplitude of the 
fundamental component of the flicker both by reducing the overall amplitude and 
changing the waveform. Unfortunately, as phosphorescence decays exponentially it is 

very difficult to achieve any reduction of flicker by this means without blurring moving 

pictures (White 1978). This may be acceptable for computer VDUs where blurring is 
only apparent on scrolling the screen, but for television used for remote viewing this 

would be a distinct disadvantage.

4.4.3 Increasing the Scan Rate.

The most attractive means of reducing the visibility of flicker would be to 

increase the fundamental frequency.

4.4.3.1 High scan rate cameras and monitors.

Technically, it is possible to build display monitors which operate at field rates 
greater than 50 or 60Hz and such options are frequently offered for computer displays. 

Equally, it is possible to build high scan rate cameras with increased resolution, but 

these are generally incompatible with existing video equipment. This may be a serious 
disadvantage for television systems in general and for remote viewing in particular, as
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suitable recording equipment is likely to be costly. In addition, the increased signal 
bandwidth may be a difficulty in the distribution of the pictures from such cameras.

4.4.4 Digital Signal processing

The problems of incompatibility and increased signal bandwidth can be 
circumvented by converting conventional television pictures to a format with increased 
field and/or line rates immediately prior to display on a high scan rate monitor, 
providing a flicker-free and probably non-interlaced display from standard video 
signals.

Within the television industry this is an active area of research and with the 

advent of cheap and readily available digital picture storage will become a realistic 
proposition even for the domestic market. The fundamental problem is how to construct 
the additional fields to enable a higher field rate. For parts of the picture which do not 
change from frame to frame the solution is easy since the same information is 
transmitted over and over; repeat the previous field. Where there is movement in the 
picture there is no such redundancy. Many of the experimental approaches aim for a 
field rate of 100Hz or 120Hz, double that of 625/50/2:1 or 525/60/2:1. {e.g. Okada, 

Hongu, Tanaka 1985, Schroder et al 1985). If interlacing is retained the line scan rate is 
doubled, while converting to a progressive, non-interlaced scan quadruples the line scan 
rate (Roberts 1983, Wendland 1984). Unfortunately conversion algorithms which work 
well for still pictures are not optimal for parts of the picture in which there is movement 
and vice versa. It is therefore necessary to switch between algorithms between or within 

frames when movement is detected. Conversions which do this are said to be motion 
adaptive. Essentially, algorithms which are good for still pictures combine in some way 
the information from temporally different fields, whilst algorithms good for moving 
pictures only use information from a single field. So far however, the results of using 
motion adaptive conversion are not entirely successful for real television pictures. 

(Roberts 1985)

4.4.5 Alternative Scan Structures.

For a linear scanning system it is possible to broaden each line without reducing 
horizontal resolution. Uniformly enlarging the spot size would reduce resolution, but 
adding a small, high frequency (for example 200 times line frequency) vertical 
oscillation to the scan raster would have little effect on horizontal resolution. 'Spot 
Wobble' techniques are not new (Monteath 1962), but given that picture quality is 

subjectively diminished by the visibility of interline flicker (White 1978), hiding the 

line structure in this way may improve the appearance of interlaced pictures.
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Scanning schemes other than raster scanning have been suggested to reduce 
flicker. One such scheme would display an image made up from a mosaic of a large 
number of dots, like a newspaper photograph, illuminated in a pseudo-random sequence 
(Deutsch 1971). The display would not so much flicker as scintillate. Such displays 
have been built for low bandwidth television systems where bandwidth is conserved by 

sacrificing picture repetition rate rather than the number of elements in each picture. 
Problems lie in the complexity of synchronising the picture source with the display, and 
with maintaining a scan stable enough to achieve reasonable spatial resolution.



Chapter 5

5. Movement of the Eyes.

In section 3.1 the structure of the retina was described. Only the central fovea
has a high spatial sensitivity and is thus concerned with almost all high luminance, acute

0 viwqI
vision. Since the fovea is small, only about I /i in diameter, the eyes are highly 
mobile to enable a seemingly continuous perception of the world in fine detail. Display 

flicker is hypothesised to disrupt saccades. In this chapter the distinguishing features of 

saccades and the other principal types of eye movement are described, including 
vergence which is relevant to the work in book 2 (see Carpenter 1988 for more detailed 
information).

5.1 Basic types of Eye Movement.

Some eye movements are clearly involuntary in nature, others voluntary; some 
can be consciously controlled but also elicited involuntarily. Eye movement can also be 

classed as gaze shifting (or versional), gaze holding, and fixational. Gaze holding eye 
movements keep the eye pointing at an object whilst the object or observer moves. 
Fixational movements maintain the direction of the visual axis when both object and 
observer are stationary.

Saccades and smooth pursuit movements are usually considered voluntary gaze 
shifting movements, but analogous involuntary movements are found in the fast and 
slow phases of optokinetic nystagmus. Optokinetic eye movements occur for example 
whilst looking out of the window of a moving train. The eye follows movement of the 

scenery past the window but cannot do so indefinitely because it has a limited range of 
movement. Eventually a saccade is made in the opposite direction, and tracking 

resumes. The resulting oscillation or nystagmus of the eye has a sawtooth waveform 
with a fast phase corresponding to the saccade and a slow phase similar to smooth 

pursuit. Vergence movements are considered largely gaze shifting and vestibular eye 

movements gaze holding and involuntary.

Tremor, slow drift and microsaccades are involuntary fixational movements of 
which the normal observer is generally unaware. It is well documented (Ditchburn et al 

1959) that an image stabilised on the retina rapidly fades to a uniform field and 

probably remains so as long as the image is stabilised. It is therefore generally believed 

that the small eye movements during fixation (or at least microsaccades) may serve to 
prevent fading of the image.
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5.1.1 Saccades.

A saccade is a fast movement of the eyes, a sudden shift of gaze, bringing a 
different part of the visual field to the foveal region. Saccades are nearly perfectly 

conjugate, the eyes move as if they were yo ked together and extremely high peak 

velocities, up to ~680°/second (Hyde 1959) can be achieved. The duration is usually too 

short for there to be any visual feedback to control the final position of the eye. Input to 

the visual system is generally suppressed during saccades, although we are seldom 

aware of these breaks in our vision. Movement is preprogrammed or ballistic and 

normally the course of a saccade cannot be modified once initiated. For normal subjects 

under natural viewing conditions the distribution of saccade amplitudes is a decreasing 

exponential function with about 86% of saccades less then 15° in amplitude (Bahill et al 
1975a).

1000

100

&vj

0 . 1 °

Amplitude

Figure 5.1
Peak Saccade Velocity vs Saccade Amplitude.

The time course of saccades is very stereotyped. Duration is roughly 
proportional to saccadic amplitude, increasing by about 2ms per degree with an 

intercept of 20-30ms. For small saccades the peak velocity varies in proportion to the 

amplitude, but the curve flattens out for larger amplitudes (figure 5.1, adapted from 

Bahill et al 1975b). This may be analogous to the terminal velocity achieved by a falling 

body. Initially, under constant acceleration, velocity is proportional to duration (which 

for saccades is proportional to amplitude) but the opposing viscous and elastic forces 
also increase with velocity (Stokes law) and eventually a limiting velocity is reached. 

The pattern of acceleration at the beginning of a saccade is virtually the same no matter 

how large the amplitude. The relationship between peak velocity and amplitude, along 

with the dependence of duration on amplitude is sometimes called the main sequence
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and sometimes used as a normative measure for identifying saccades (Bahill et al 
1975b).

I n  contrast to the extremely rapid movement of the eyes, the associated reaction 

times are long. The delay between a stimulus and the eye movement it elicits is called 
the latency and typically stretches from 100ms to 350ms or more for saccades. Latency 
exhibits considerable variability and depends on the task a subject may be performing. 
The distribution of latency is usually highly skewed with a long tail towards long 

latencies. However when reciprocal latency is plotted the distribution is approximately 
normal and gives a straight line with probit plotting axes (Carpenter 1981).

Saccadic latency can be considerably reduced if information about the required 
response is available in advance. For example, in tracking a spot of light which jumps 

from left to right at regular intervals, a subject will produce saccades with a reduced 
latency within a few cycles, and thereafter saccades in synchrony with the stimulus 
(Westheimer 1954b). However there usually remains a refractory period, as a rule of 
about 120-180ms, which is the minimum time between successive saccades. This can be 
demonstrated in tracking a target which is momentarily displaced and returns to its 
original position. If the displacement is less than 150ms either the eye does not move at 
all or it follows the displacement faithfully, but not the return. Instead the return 
saccade occurs about 150ms after the displacement regardless of the duration of the 

target displacement. It appears that latency is a combination of the refractory period and 
the time taken in deciding whether to move (Westheimer 1954a, 1954b).

After a saccade the eye does not always come to rest immediately. Sometimes 
the saccade appears to fall short and the eye drifts slowly with constant velocity to its 
final position. Such drifts are called glissades and may last up to a second. Sometimes 
there is a dynamic overshoot where the eye passes through the final position, but returns 

quickly, within 15-20ms. Dynamic overshoot is often considered evidence that there is 

dynamic braking by the muscles of the eye at the end of a saccade.

Saccades larger than about 20° frequently fall short but are followed by a 

corrective saccade. Undershoot is typically about 10% of the size of the primary 
saccade, and the corrective saccade follows only after the usual refractory period. 

Smaller saccades, 5-10° in amplitude, are generally accurate and below 5° overshoot is 
occasionally seen. There is evidence that corrective saccades rely on visual feedback, 

but also some to the contrary. If it is arranged that whenever a saccade is made towards 

a target, the target jumps away by the same amount, a staircase of saccades is produced 

(Young and Stark, 1963). If the target jumps in the opposite direction then oscillations 

of the eye result, indicating that corrective saccades must be visually directed. On the 

other hand, for large saccades characteristic undershoots and corrective saccades still 
occur in the dark when no visual feedback is possible. However these saccades are



longer in duration than normal saccades and the second saccade often has a shorter 
latency than genuinely corrective saccades (Becker & Fuchs 1969). Under some 

circumstances it appears that large changes in direction of gaze may be deliberately 
programmed as two saccades with the first falling short of the target (Henson 1978).

5.1.2 Smooth Pursuit.

In tracking a moving object, the oculomotor system uses a combination of 

saccades and slower continuous movements or smooth pursuits, whose velocity matches 
closely that of the target. Whilst saccades represent position control of the retinal image, 
smooth pursuit corresponds to velocity control. The maximum target velocity which can 

be followed by smooth pursuit alone is usually in the range of 20-90°/second, but may 
be greater than 100°/Sec for some subjects (Meyer et al. 1985). When smooth pursuit 
cannot keep up with the target, saccades are made to bring the eye back on target.

5.1.3 Microsaccades, Slow Drift and Tremor.

Small flicks of the eye or microsaccades are found during fixation and serve 
broadly the same purpose as normal saccades - to bring an area of interest to the fovea. 
The time course of microsaccades indicates that they are closely related to normal 
saccades, only smaller. The relationship between amplitude, duration and peak velocity 

is an extrapolation of the main sequence and microsaccades are similarly conjugate. 
Microsaccades have a maximum amplitude of 40-50 minutes of arc but are usually 
much smaller, although the amplitude and inter-saccadic interval shows substantial 
variation. Median amplitude ranges from about 1' to 23' arc and inter-saccadic interval 
from 300ms to 5s or more (see Ditchbum 1973 for a review). If microsaccades are 
produced by the same mechanism as normal saccades with a corresponding refractory 
period their occurrence may explain some of the variability found in saccade latency. If 

a microsaccade has occurred immediately prior to a voluntary saccade, its refractory 

period may add to the latency of the saccade and the distribution of latency will reflect 

the probability of this conjunction (Carpenter 1988).

During fixation, the direction of gaze drifts erratically by up to 5 minutes of arc 

although the image of the fixated point remains within the fovea. Drift is slow, about 6 

arc min/second and usually terminated by a microsaccade. As there is a strong 

correlation between the size and direction of a microsaccade and the error of fixation 
immediately preceding it, Cornsweet (1956) suggested that the drift is essentially a 

random walk process and when the eye has strayed sufficiently far from some "optimal" 

locus a microsaccade returns it to this position. This cannot be strictly true, however, as 

subjects are often able to suppress microsaccades voluntarily; they do so naturally in 
tasks requiring high visual acuity (Bridgeman & Palca 1980) with no loss of fixation 

stability. There is also no evidence of microsaccades during fixational pauses found in
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reading (Cunitz & Steinman 1969). In the absence of light the eye does indeed follow a 
random walk (Findlay 1974).

A high frequency tremor of the eye can also be detected. The small size of this 
tremor makes it difficult to measure accurately; amplitude estimates range from about 5 
seconds of arc (Ditchburn 1973) to 40 seconds of arc (Yarbus 1967) which corresponds 

to a movement of the image on the retina of about 1 to 8 foveal cone diameters. The 

amplitude spectrum of tremor is a decreasing function of frequency, nearly inversely 

proportional above 10Hz, reaching the level of background noise at 100-150Hz (Findlay 
1971). Tremor appears to be uncorrelated between the two eyes (Riggs and Ratcliff 
1951), which/together with the amplitude spectrum, suggests that it is basically random 
noise in the ocular control system.

5.1.4 Vergence Movements.

With two forward facing eyes, the visual fields of each overlap and clearly, to 
bring the image of an nearby object to both fovea, their visual axes must converge. 
Movement of the eyes which facilitates this is called vergence and to a greater or lesser 
extent is under voluntary control. Vergence obviously differs from other types of eye 
movements in that the eyes move in concert but in opposite directions.

Because the eyes are horizontally separated each sees a slightly different view, 
but when the eyes are correctly converged the perception is a fusion of the two views, 
rather than double vision. Only points in a plane at a particular distance away will fall 
exactly on corresponding points of the two retinae. The images of objects nearer or 
further away will fall on slightly different or disparate points; if the retinae were 

overlaid these images would not coincide. Retinal disparity is the basis of stereopsis 
which gives the perception of depth (see Book 2) and the fusion of the two images is 

perceived as 3-dimensional. Vergence movements in response to disparity which affect 
fusion are called fusional. Horizontal and vertical fusional vergence can be 
demonstrated by introducing a prism in front of one or both eyes whilst fixating a 
target; the eyes move so as to maintain fusion. However vertical vergence is not 

normally found in natural viewing and causes discomfort.

The latency of vergence is about 160ms but thereafter movement is relatively 

slow. The eyes begin to move with a steady velocity but approach their final position 

asymptotically, taking nearly a second to complete the movement. Unlike saccades, 

control is not ballistic and the course of vergence movements can be altered once 

initiated; the disparity error is apparently monitored constantly (Erkelens & Collewijn 

1985).
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In addition to disparity, vergence can also be driven by accommodation. By 
covering one eye and introducing a lens in front of the uncovered eye, a convergence of 
the eyes in response to near accommodation can be demonstrated (Mullers experiment). 
Here there is no disparity cue. Accommodative vergence can be measured in terms of 

the ratio AC/A, where AC is the amount of accommodative convergence in prism 

Dioptre and A is the accommodation in Dioptre. (1 prism Dioptre is the power of a 

prism which causes a 1cm shift of an image at a distance of lm .) This ratio turns out to 
be more or less a constant of 3-4cm. Thus accommodative vergence is a linear function 

of the degree of accommodation and accounts for nearly half the vergence needed in 
fixating near objects (Flom 1960). Similarly, it should be noted that disparity vergence 
also elicits accommodation; the relationship is approximately symmetrical and is 
discussed further in book 2.

Pure vergence movements are probably rarely found outside experiments 
designed to isolate them. Natural vergence movements often have superimposed 
saccades where gaze is shifted both laterally and in depth (Yarbus 1967 ppl55). The 

size of such saccades is programmed so that the vergence is approximately symmetrical 
and control of the two types of eye movement is largely independent.

5.2 Recording Eye Movements.

A variety of methods have been devised to measure eye movements, but all have 
some drawbacks (see Carpenter 1988). For experiments 3 and 4 an eye tracker with a 
resolution of 15 minutes of arc or better was required, preferably for both horizontal 
and vertical movements (see chapter 11). It had to be non-invasive, not interfere with 

the subject's vision and be easy to use with naive, untrained subjects. Accuracy was less 
important as frequent calibrations were made. (Resolution is the ability to detect small 

changes anywhere within the operating range, in a sense AC sensitivity. Accuracy is the 

ability to pinpoint that region within the range; DC sensitivity). The only commonly 

used method to fit these criteria is infra-red (IR) tracking of the limbus.

Of other possible techniques, electro-oculogram recording would require 

abrasion of the skin to ensure good contact of the electrodes and would be subject to 

excessive drift and unexpected artifacts due to variations in skin resistance (the lie 

detector effect!). Contact lens methods, either magnetic (Kenyon 1985) or using the 

optical lever principle (Boyce 1967) would be unsuitable for naive subjects. Other 
reflection techniques, for example tracking the reflection from the anterior surface of 

the cornea (the first Purkinje image) would generally be lacking in resolution, unwieldy 

or extremely sensitive to head movement.
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5.2.1 Infra-Red Limbus Tracking.

The high contrast edge between the sclera and the iris (the limbus) can be used 
to obtain position information. Movement of the eyes is recorded relative to the head, 
which must be restrained (or tracked) if absolute direction of gaze is required. When the 
limbus is illuminated with a spot of light, the scattered light picked up by an adjacent 
photodetector is roughly proportional to the area of the spot falling on the white sclera. 
As the limbus moves the amount of light scattered changes and movement can be 
detected. The method is widely used and several commercially available eye trackers 
operate on this principle.

If two spots of light are used either side of the iris,a differential signal can be 
obtained; rotation of the eye to the right increases the light scattered on the left, 
decreasing that on the right and v.v. for rotations to the left (see figure 5.2). The use of 
infra-red illumination, invisible to the subject, makes the measurement unobtrusive. 
Pulsed illumination with synchronous detection improves the signal to noise ratio and 
allows a single detector to be used if the two spots are pulsed 180 degrees out of phase.

It is also possible to measure vertical rotations, though with a lesser precision 
and linearity, by placing the spots of light towards the bottom of the iris. Upwards 
rotation of the eye presents more of the sclera to both spots of light. The differential, 
horizontal signal is unaffected but the common mode output increases. Downwards 
rotation similarly reduces the common mode signal (figure 5.2). This arrangement can 
give a horizontal resolution of about 6-10 minutes of arc over about 20 degrees and a 
vertical resolution of about 20 minutes of arc over 12 degrees (e.g. Wheeless et al 1966, 
Frietman 1984). Temporal resolution is also good with a flat frequency response to 
about 1kHz. Depending on the size of the light spots,the eyetracker is easy to set up and 

relatively insensitive to head movements. There is no difficulty in making apparatus 

small, light and unobtrusive enough to be head mounted.
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Figure 5.2
Operation o f  IR Limbus Tracker fo r  Horizontal and Vertical rotations o f  the eye
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Chapter 6

6. Flicker from CRT Displays and Visual Performance.

In this chapter, firstly medium and long term effects are discussed; do CRT 
displays cause visual fatigue and eyestrain or longer term visual impairment, e.g. 

myopia? Where these effects are found, is display flicker or some other factor the 
explanation?

Secondly;short term effects are discussed; does display flicker prevent the visual 
system from functioning as efficiently as it does with steady illumination, or impair a 
persons overall performance in visually demanding tasks? Would tasks such as reading 

text or using television to inspect safety-critical pieces of machinery be performed 

better if the display field rate was higher or the display not intermittent at all? From the 
literature the answer to the last question appears to be yes. This was the starting point 
for the experimental work. Medium and long term effects are not pursued beyond the 
brief review in the next section.

6.1 Fatigue and Visual Impairment.

There have been many studies of the difference between tasks presented on a 
computer VDU and on a piece of paper, often with contradictory findings. Similarly 
many investigators have looked for "eyestrain" in VDU users. Most authors do not 
explicitly suggest that display flicker is responsible for their findings, but equally it 
cannot be ruled out. It is assumed that these studies apply equally to the use of 
television for a visually demanding task (few studies have addressed this directly), but 
probably not to watching television at home.

Visual fatigue can mean many things:- subjective variables like itchy eyes, 
blurred or flickery vision, headaches, pain or gritty feeling in the eyes etc; or objective 

variables like deterioration in performance with time taken to carry out a task or 

changes in psychophysical measurements, such as spatial contrast sensitivity and flicker 

sensitivity. Study methods can be experimental, etiological, or can correlate 

questionnaire replies with the use of VDUs. See also Smith (1979) for a review of 
earlier work on VDUs and accommodation.

6.1.1 Experimental evidence

An experiment by Gould and Grischkowsky (1984) measured the performance, 

feelings (judged on a 16 point questionnaire) and vision of 24 subjects at 1 hourly 
intervals during a 6 hour day of proof-reading from either a VDU or from paper. The 

visual measures were far and near acuity, phoria, flicker and contrast sensitivity. The
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results showed that subjects experienced some fatigue during the day, but there was no 
significant difference between reading from a VDU or from a piece of paper. The 
experiment was designed so that the two display conditions were as similar as possible. 
Subjects acted as their own controls by doing the experiment under both conditions. 
Gould and Grischkowsky contended that any additional fatigue caused by the use of 
VDUs was due to the type of work done, rather than using the VDU per se\ when the 

task was equivalent the fatigue was the same.

This directly contradicted the conclusions reached by Mourant, Lakshmanan and 

Chantadisai (1981) in an earlier study. However in this, the task was not exactly 
comparable to Gould and Grischkowsky's and different and fewer measures of visual 
fatigue were used. Fatigue was measured by the time taken for subjects to move their 
eyes from a near point, the task sheet, to a far point, a TV monitor 6m away, read a five 
digit number and re-focus on the task. The experiment was run in three hour sessions 
during which there was evidence of significant fatigue when the task was VDU based, 
but not when the task was on hard copy.

6.1.2 An etiological approach

Subjects in the Dutch telephone inquiries service were studied before, just after 
and two years after the introduction of VDUs (de Groot and Kamphuis 1983 ). On the 
whole, no change in the number or severity of eye-strain complaints was detected and 
no changes were found in acuity or accommodation which could not be accounted for 
by aging or a change of glasses to suit new working conditions. However CFF measured 
just after was higher than immediately prior to the introduction of VDUs. Two years 
later CFF had declined, the authors suppose due to the process of aging, to a value close 

to that before VDUs were introduced. It was not found that the increase in CFF was 

correlated with any increase in complaints of eye-strain.

6.1.3 Correlation and Causality

Laubli, Hunting and Grandjean (1980), surveyed the visual complaints of 4 
groups of office workers in relation to their working conditions. Amongst other things, 
they measured the Uniformity Factor (UF) of the VDUs which their respondents were 
using. UF was defined simply as the lowest divided by the highest screen luminance 

measured during one field and integrated over an area of about lsq mm of displayed
provided

text. This was related to flicker modulation, but a fairly poor objective measure as it
A

took no account of waveform or frequency. Laubli et al. found a statistically significant 

correlation between workers who operated VDUs with low Uniformity Factors and the 

incidence of reduced visual acuity. These unfortunates were also said to be more likely 
to complain of red eyes, of shooting and burning pains and to use eye-drops more 
frequently than operators of high uniformity factor VDUs, although an analysis by
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Reading and Weale (1986) shows no statistical significance in this respect between 
VDU users and ordinary typists.

Also, a correlation does not indicate causality. In this case,the users themselves 
set the controls on their VDUs, and for a given display one of the main determinants of 

uniformity factor would be display contrast. It is therefore plausible that some of the 
workers, already suffering from poor acuity, had increased the contrast (and hence 
decreased UF) in an attempt to make their display more legible. The direction of 
causality is not necessarily from low UF to low acuity; from a single survey it is 
impossible to tell.

A similar more recent study (Gobba et al 1988) found that workers in a large 
Italian Company showed signs of temporary myopia after using VDUs for more than 4 
hours a day. They also had headaches and showed symptoms similar to those noted by 
Laubli et al. Occurrence of these was correlated with room lighting and display 
luminance and contrast, rather than display flicker. However when these were set to 
what were considered acceptable levels, (DIN standard 66234, Part 6, 1984) symptoms 
of fatigue and eyestrain disappeared.

6.2 Visually Demanding Tasks.

For visually demanding tasks, tasks which require sustained accommodation and 
convergence, it is possible that display flicker can impair the performance of the visual 
system during the task, although in practice the differences may be subtle.

At normal field frequencies CRT displays can often be made to appear virtually 
flicker-free, as explained in chapter 4, but there is evidence that parts of the brain still 

respond strongly to the intermittent illumination. A number of studies (e.g. Jeavons and 

Harding 1970) have reported that TV may, mainly in photosensitive patients, trigger 

epileptic seizures (although photosensitive epilepsy usually occurs at much lower 

frequencies). In detailed investigations the factors which reduce the perception of 
flicker generally also reduced the likelihood of TV triggered seizures. Wilkins, Darby et 

al (1979) found that increasing viewing distance or reducing screen size were beneficial. 

For patients sensitive to flickering lights below 50Hz, making the 25Hz interlace flicker 
less resolvable may have been the decisive factor. However Binnie et al (1981) found 

that reducing the level of room lighting, a measure which would reduce the perception 

of flicker, made patients who were sensitive to lights flickering at 50Hz more 

susceptible to TV triggered paroxysms. The opposite was true for patients not sensitive 
to 50Hz flicker.

It is not clear how such patients differ from normal subjects and Mayr, 

Wimberger et al (1987) point out that TV triggered seizures are relatively rare even
I
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amongst photosensitive epileptics. Nevertheless it would not be surprising to find that 
display flicker could still have an effect on visual performance for normal subjects, 

(hopefully not so extreme!) There is indeed evidence that the (normal) visual system 
responds to intermittent illumination even when flicker is not perceived.

It is possible to record electrical signals from electrodes attached to the scalp 
which phase lock to the flickering of an intermittent stimulus. In a situation similar to 
TV viewing, Tyler (1981) recorded such evoked potentials at frequencies of up to 80Hz, 
well above the frequency required for flicker fusion. More recently Berman et al (1991) 

demonstrated clearly identifiable synchronous responses for a VDU at 76Hz and up to 
145Hz for a directly viewed fluorescent tube, both well above CFF. Brindley (1962) 

showed that the beat between electrical and visual stimulation of the retina can be 
perceived at stimulating frequencies up to 120Hz, where neither form of stimulation 

alone would produce the sensation of flicker.

In the cat (non-epileptic) Eysel and Burandt (1984) recorded signals from the 
LGN which were strongly phase locked to the 100Hz flicker from fluorescent tube 
lighting. They point out that this was a surprisingly high frequency to find such strong 
responses. The LGN connects to many subcortical structures in the brain, including the 
superior colliculus which is known play a part in the control of eye movements. 
Presumably flicker from the fluorescent tube was above CFF for the cat and if a similar 
finding applied to man, then it is possible that subcortical structures are strongly 
stimulated by high frequency intermittent illumination whilst flicker is completely 
abolished at the level of the visual cortex. This could be a mechanism which mediates 
subtle difference in performance between hard copy and a CRT display, or between a 
display at different field rates.

At frequencies well below CFF, flicker has been shown to have a marked effect 

on eye movements and control of the direction of gaze. West and Boyce (1968) showed 
that the distribution of fixation durations was markedly different with intermittent 

illumination. With flicker rates between l-3Hz the distribution showed a much sharper, 
narrower peak than with steady illumination. There were several other periodically 

related peaks in fixation duration and the spacing between them was clearly related to 
the flicker frequency. Although the effect all but disappeared at higher frequencies and 
at the subjects CFF (46Hz with a 12° field) the distribution was still not the same as that 

for steady illumination. The authors do not comment on the statistical significance of 

these differences. The size of saccades during fixations when there was flicker was 
slightly larger than for steady illumination and saccades were shown to occur at a fixed 
delay after the onset of a flash. West and Boyce also noted that drifts in fixation during 

the dark intervals occurred at a higher velocity than drifts during normal fixations. A 
similar finding was reported by Haddad and Winterson (1975) - that drifts were
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profoundly affected by flicker, although saccades were only disrupted when subjects 
were instructed to fixate the target. They also noted that fixation at 50Hz appeared to be 
more stable than with steady illumination! Neither of these studies apply directly to 
CRT displays, but they do indicate that there may be differences which persist at higher 
frequencies.

In studies comparing subject performance using CRT displays with performance 

when reading from hard copy, display flicker is a possible, though not very often 
suggested explanation for any differences found. One common finding is that reading 
rate is 10% to 30% slower from a VDU than from a piece of paper e.g. Gould and 
Grischkowsky (1986), Wright and Lickorish (1983), and that blink rate is often higher, 

Mourant, Lakshmanan and Chantadisai (1981), although findings to the contrary are 
equally common. Osborne and Holton (1988) present a recent review and an experiment 
which showed reading rate and comprehension scores to be the same when steps were 
taken to ensure that the task was exactly the same in both cases. Moussaoui and 
Freivalds (1986) compared eye movement patterns for subjects reading from a CRT and 
from paper. They found that there were significant differences, principally in the 
frequency and duration of fixation; fixations occurred more frequently, and had a 
duration greater than 360msec more often with CRTs. However Moussaoui and 
Freivalds suggested that the difference, which was found even for short texts and 

therefore had little to do with fatigue, was largely due to the difficulty the eye has in 
accommodating when there was a relative lack of high spatial frequencies in the CRT 
display.

The suggestion that display flicker rather than anything else is responsible for 
differences in reading gains support from the results of an experiment by Wilkins 

(1986). Wilkins measured the size of saccades across lines of text firstly when the text 

was displayed on a CRT and secondly when illuminated by fluorescent light. The 

subjects were not asked to read the text but simply to transfer their point of fixation 
from one specified letter to another. In both cases there was a significant interaction 

between frequency of illumination and the size of saccades. For the CRT, at two field 

rates (50Hz and 100 Hz, with no interlace) the eyes overshot their target, allowing for 
the normal dynamic saccadic overshoot, but by a significantly larger amount at 50Hz 

field rate. The overshoot for 50Hz corresponded to about 11% of the intended saccade 

size (about 20°), or the size of one of the letters which made up the text. Under 

fluorescent lighting when the driving frequency was 100Hz and with the CRT at 100Hz 

field rate the same sort of overshoot was apparent, but to a very much lesser degree. 
When the fluorescent tube was driven at 20kHz no overshoots were found. The effect 
was apparent even under viewing conditions where no flicker was perceived and 

subjects preferred the CRT display at 100Hz field rate to the same display at 50Hz. 

Most were unable to say why. If a proportion of the saccades which overshoot are
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followed by corrective saccades, it is clear that a task like reading or visual search, 
where many saccades are made, will be considerably slowed down, given that there is 
an inevitable refractory pause between saccades.

The difference in overshoots between 50Hz and 100Hz begs the question, is 

reading rate or subject performance of a demanding visual search task different between 
the two field rates? The experimental work in book 1 aimed to answer this question, 

which is not only of practical importance but qualifies the other factors which may 

influence performance differences between VDUs and hard copy. If flicker were 
responsible for these differences, this was a direct test. The practical importance of 
improving subject performance where TV is used intensively for inspection or remotely 

controlled operations by changing to a higher display field rate is obvious. The 
following chapters describe experimental work carried out to this end.

One final consideration for this chapter is how exactly does display flicker lead 
to saccadic overshoots? One possibility is that intermittent illumination acts directly on 
subcortical structures via the LGN where strong signals phase locked to the flicker 

generally interfere with the mechanisms which calculate or generate saccades of the 
correct size. As described above this may be possible without any flicker being 

conducted to the visual cortex.

Alternatively visual feedback may play a part in generating the overshoots. 
Visual input is not completely suppressed during saccades. There is more of an 
information 'greyout' than a complete blackout. This is easily demonstrated by making 
horizontal saccades across a vertical line displayed on a CRT display. Fixating first a 
point to the left of the line, then one to the right gives the illusion that the line is not 

vertical but sloping with the bottom of the line displaced in the opposite direction to the 

saccade. Because the display raster is scanned top to bottom, points further down the 

line are illuminated later than those higher up. Whilst the eye is moving this temporal 
difference is interpreted as a difference in position. The information is not completely 
suppressed and the line appears to slope, particularly with high screen luminances. At 

higher field rates the temporal difference is less and the line appears more vertical. (A 

similar effect is seen when it is the line on the CRT display which moves. Distelmaier 

and Doerfel, 1985, compared the apparent tilt of a vertical line with the tilt expected 

from the velocity of motion and the display field rate; - the apparent tilt was about 20% 
less than hypothesised.) Hallett and Lightstone (1973) showed that information during a 

saccade could be used to direct subsequent saccades. If the target for a saccade was 

moved to a new position during the saccade and extinguished before the end of it, 
subsequent corrective saccades were accurately directed to the new position even 
though the only indication of the new position had occurred during the original saccade. 

It may also be possible to use this information to modify the trajectory during a saccade
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or to generate subsequent saccades with virtually no latent period; Becker and Jurgens 
(1975) showed that saccades could be shortened by the arrival of new information as 
little as 80msec prior to the saccade and that this information could be used to 
programme a corrective saccade which followed the first with practically zero latency. 

Findlay and Harris (1984) replicated these findings but also found that occasionally 

saccade trajectory was indeed modified mid-flight. A mechanism of this kind could 
account for the saccadic overshoots, but in this simplistic form would probably generate 
undershoots rather than overshoots as the information during the saccade would indicate 

that the eye had already moved too far. Note however, Findlay (1974) observed shifts in 
the perceived position of a line flashed on a screen in a direction opposite to that 
expected from the direction of microsaccades made during the dark interval.
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Chapter 7

7. Overview of Flicker Experiments: 1. Performance.

In the last chapter it was suggested that the intermittent illumination from a CRT 

display could alter the size of saccades and lengthen fixation durations. It was noted, at 

least for saccades, that the effect was considerably reduced at the higher field rate of 

100Hz. Given that there is usually a pause or latent period between saccades which has 

a duration of at the very least 120ms (Wheeless et al 1966) then every ten saccades 
which overshoot and are followed by a corrective saccade will add 1.2 second to the 
time taken to perform the task. It is unlikely that all saccades at 50Hz would be 
followed by corrective saccades, but enough of them might be to produce measurable 

differences in performance. At higher field rates, with smaller overshoots there would 
be fewer, if any, of these corrective saccades. If this effect exists it would possibly be 

more pronounced for reading than for visual search, as saccades made during reading 

are much more stereotyped, predominantly horizontal and much more like those in
Wilkins experiment (1986). 

Figure 7.1 shows an illustration 

of the eye movements made 
during reading (from Yarbus 
1967). The trace on the right 
shows horizontal eye position vs 

time (vertical axis). The lower 
trace shows points of fixation in 
the text, which is a Shakespeare 
sonnet translated into Russian! If 

saccadic overshoots are caused 

by visual feedback with temporal 

differences interpreted as position 

errors, it is not clear what the 
effect would be on vertical 

saccades. If the effect were 
abolished then the overall 

performance difference for visual 

search, where there is a more 

equal mix of horizontal and 

vertical saccades, would be 
diminished.

Pattern o f Eye Movements during Reading.
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Figure 7.1
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Two experiments are described which tested the hypotheses (i) that a visual 
search task will be performed more quickly and possibly more accurately at a higher 
display field rate than at 50Hz, (ii) that subjects will read faster and possibly 

comprehend more from a display with a field rate of 100Hz than the same display at 
50Hz. Experiment 1 (which is also reported in Scheiwiller et al 1988) tested the first of 
these, experiment 2 the second. The results of these two experiments are discussed 
together in chapter 10. It might seem more logical to have performed the experiments in 
the reverse order, given that the effect was perhaps more likely for reading than in 

visual search. However the principal motivation for this work was to improve operator 
performance using television systems for remote operations. The visual search task was 
much more closely related to this application, thus the experiments were performed in 
this (chronological) order. For the same reason a display field rate of 50Hz, the field 

rate of most TV equipment in the UK, was used for the lower field rate rather than 
60Hz or higher commonly used for computer displays. Although an upper field rate of 
greater than 100Hz might have made differences in performance more noticeable 
(Wilkins reported that saccadic overshoots completely disappeared for fluorescent 
lighting driven at 20kHz), 100Hz would be the most practical alternative to 50Hz for 
TV in the UK and is the field rate aimed for by most up-conversions from 50Hz (see 
section 4.4.4). Also, at higher frequencies than this it becomes more difficult to 
maintain display resolution and ensure that the only display difference is the field rate. 
An intermediate field rate of 80Hz was used in the first part of experiment 1 as a 
suitable display monitor was immediately available, but this field rate was later dropped 
in preference to 100Hz. Finally if differences were found between 50Hz and 100Hz it 
was of interest to see whether performance at 80Hz fell somewhere between the two.

7.1 Apparatus.

The experiments were controlled by a BBC Master Series microcomputer which 

retrieved the display pattern in experiment 1, or text in experiment 2 from the disc and 
transferred it as a bit-image, via a parallel port, to an Acorn Atom. The Atom was 

modified to generate video signals at field rates nominally of 50, 80 and 100Hz, and a 

new video amplifier was designed. In addition, it was possible to blank the video output 
under program control without any picture disturbance by switching off the video 

information at the start of a field, leaving only a train of synchronising pulses at the 

output.

For experiment 2 the Atom was modified further by adding a second page of 

display memory. The two pages of memory occupied the same address space but had 

separate control of read and write operations. Provided that both outputs were not 
enabled at the same time it was possible to select which page of memory was read by 

the display controller and onto which page the microprocessor wrote data transferred



from the BBC computer. This enabled the Atom to display one page of data (in 
experiment 2 one page of text) whilst receiving the next page from the BBC. Swapping 

the output enable signals of the two pages of memory allowed the new page to be 

displayed without any disruption of the picture.

The picture was 262 lines, non-interlaced of which 242 lines were active. The 
actual line and field frequencies for the nominal field rates are shown in table 7.1. The 
display had a bright border which was 25 lines wide at the top and bottom, and the 
equivalent of 58 pixels at either side. This was a feature of the video controller used in 

the Atom (Motorola 6847) and was unavoidable in graphics mode. Under the viewing 
conditions in these experiments, even at 50Hz, flicker from the border was not generally 

noticeable.

Nominal Field Rate Line Frequency Field Frequency

50 Hz 14.05 kHz 53.6 Hz

80 Hz 21.02 kHz 80.2 Hz

100 Hz 28.10 kHz 107.3 Hz

Table 7.1
Line and fie ld  frequencies for nominal rates.

It was not possible to obtain a video monitor capable of displaying 50, 80 and 
100Hz, so two monitors were used; a Barco CD351 to display 50 and 80Hz and a 
Manitron VLR20101 for 50 and 100Hz. The Barco was a colour monitor with a dot- 
pitch of 0.32mm and a P22 phosphor, whilst the Manitron was a high quality black and 
white monitor with a P4 phosphor - both medium-short persistence phosphors. Figure
7.2 shows the overall phosphor decay curves, i.e. light output against time after 

excitation, for a white raster. Appendix 2 explains how these curves were derived from 

the published data (JEDEC 1971). The P22 red component has a longer persistence than 

P4, but at the field rates used here the light output should have decayed to zero long 
before the next excitation. The overall flicker waveform, weighting the components 
according to the CIE photopic luminous efficiency curve, was very similar for both 

these phosphors.

The scan rate of the Barco monitor was changed by two internal switches. Re

adjustment of the scan geometry (picture height, width, trapezium distortion etc.) was 

also necessary and the appropriate controls were made accessible from the outside of the 

monitor by drilling holes in the backplate. Using test patterns generated by the Atom the 
correct settings at each scan rate were established and marked onto a paper scale stuck 
to the monitor backplate with a 3.5" pointer attached to the screwdriver used to make
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the adjustm ents. C hanging the M anitron m onitor from  50H z to 100Hz was achieved 

m ore easily , sw apping the scan generation and geom etry correction circu it board with a 

second m atched board supplied by M anitron.

P22 Green S Blue

Log Time (uS) 
10

Figure 7.2
Phosphor Decay Curves fo r  P4 and P22 Phosphors.
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Chapter 8

8. Experiment 1 : Visual Search.

As the Manitron video monitor was not available from the outset, experiment 1 
was in two parts; the first compared performance with the search task displayed at field 
rates of 50Hz and 80Hz using the Barco monitor, the second part a month later 

compared 50 and 100Hz using the Manitron monitor. It was expected that the two 50Hz 
conditions would give a sufficiently similar baseline to also allow the comparison of 
80Hz and 100Hz. Even if the two 50Hz conditions turned out to be dissimilar it was of 
interest to see whether any differences due to field rate in the first part would be 
replicated in the second and to compare their magnitude with those due to the slightly 

different viewing conditions (i.e. different display monitors).

In each sub-experiment the subjects were divided at random into two groups of 
5. Each subject attended two sessions and completed 100 search tasks per session. The 
first groups saw the higher field rate in their first session and the lower rate in then- 
second, whilst the second group saw the lower field rate first, and the higher field rate 
second. Both parts of the experiment were timetabled so that as far as possible the 
sessions for each subject were at the same time on consecutive days. No subject did 

both sessions on the same day, but in the first part of the experiment one subject had 1 

days break between sessions.

8.1 The Task.

The subjects were required to count the number of circular targets hidden in a 
background pattern of random dots. There were 100 tasks, each contained between 1 
and 20 targets. An example with 20 targets is shown in figure 8.1. Prior to the 

experiment, for each number of targets (1 to 20) five patterns were generated with a 
BASIC computer programme and stored on floppy disc. The position of the targets on 

the screen was randomised, but care was taken to ensure that they were evenly 

distributed between the four quadrants of the screen and that none were less than two 

targets-widths distant from any other. The resolution of the pattern was 256 by 192 

pixels and the targets were drawn in cells 8 by 8 pixels. The background pattern of 

random dots had approximately equal numbers of black and white dots and was the 

same for all of the tasks.
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Figure 8.1 
Typical Task fo r  experiment 1.

8.2 Viewing Conditions.

The view ing conditions were probably not typical o f those for TV displays in 

everyday use, but were chosen to m inim ise the v isibility  o f the p icture line structure 

(w hich was relatively  coarse), to m ake the task suitably d ifficu lt and to m ake the picture 

flicker at 50H z less perceptible.

8.2.1 Room Lighting.

The room  lighting was subdued throughout and entirely  from  overhead 

incandescent lamps; there were no windows. The illum inance falling  on a horizontal 

surface was 170 Lux where the subject was seated but varied betw een 160 and 200 Lux 

for other locations in the room . There were no obvious reflections from  the m onitor 

screen and glare was m inim al.
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8.2.2 Viewing Distance.

Although both monitors were nominally of 19" diagonal, it was not possible to 
make the active picture sizes exactly the same. However by adjusting the viewing 
distance the pictures were made to subtend approximately the same visual angles. As 
the subject's head was not restrained there was probably considerably more variation in 

visual angle due to the subject moving. For the Barco monitor the viewing distance was 
160cm and 150cm for the Manitron monitor. The actual picture, target and pixel 
dimensions are given in table 8.1 with the approximate visual angles subtended.

Dimension Barco Monitor 
(mm)

Manitron 
Monitor (mm)

Visual Angle 
(degrees)

Total Picture Width 365.0 348.0 13.0
Active Picture Width 260.0 242.0 9.2

Target Width 8.0 7.0 0.3
Pixel Width 1.0 0.9 0.04

Total Picture Height 273.0 269.0 10.0
Active Picture Height 220.0 213.0 8.0

Target Height 9.0 8.8 0.3
Pixel Height 1.1 1.0 0.04

Table 8.1
Display dimensions and visual angle subtended.

8.2.3 Monitor Luminance.

To ensure as far as possible that the display was the same brightness and contrast 
at different field rates, the monitors were set up accurately using an EEL Lightmaster 
photometer to measure the light output from the screen. With the meter's sensor held 
against the centre of the screen, and the monitor displaying a black field, the brightness 
control was adjusted. To set the white level, a completely white field was displayed and 

the contrast adjusted. For a high quality monitor these adjustments should be largely 

independent, but a small interaction was evident and the process was repeated iteratively 
until satisfactory readings were obtained, (table 8.2).

Strictly, the EEL meter is an instrument for measuring illuminance, in Lux, 
rather than luminance in Candela per sq metre, but by holding the sensor against the 

screen, which was assumed to be a Lambertian surface, the relationship was simply:-



Where L is the screen luminance in cd/m^ and E is the illuminance in Lux. (See 

Hunt and Darby 1984).

M onitor Pattern EEL Meter 

(Lux)
Calculated

(cdlnfi)
Measured

(cdlnfi)

Barco Uniform Black 10.0 3.2 0.5

50Hz Uniform White (Centre) 170.0 54.1 51.0

Uniform White (Edge) n/a n/a 47.0

Barco Uniform Black 10.0 3.2 0.8

80Hz Uniform White (Centre) 170.0 54.1 52.0

Uniform White (Edge) n/a n/a 49.0

Manitron Uniform Black 10.0 3.2 1.1

50 Hz Uniform White (Centre) 155.0 49.3 46.8
Checkered White n/a n/a 52.0

Manitron Uniform Black 10.0 3.2 0.4

100Hz Uniform White (Centre) 160.0 50.9 58.0
Checkered White n/a n/a 61.0

Table 8.2 
Display luminances; experiment 1.

Later measurements made with a Minolta spot photometer (not available during 

the experiment) are also included in table 8.2. With the spot photometer the luminance 

of small areas of the screen could be measured directly. Overall, the agreement with the 
calculated values is reasonably good, but using the spot photometer anomalies were 

discovered with both monitors. The Barco displayed a white field which was not 
uniform over the whole screen; there was some shading towards the edges. Table 8.2 

therefore includes centre and edge measurements which were not practical with the EEL 
meter. For the Manitron monitor it was found that the luminance from a homogeneous 
white field was less than that measured from the white parts of a field made up of black 
and white squares; again see table 8.2. Possibly this was due to the monitor EHT supply 
being unable to cope with sustained high beam current. However the effects of this on 

picture contrast were considered not to have influenced the results of the experiment.

The display contrast could have been calculated from table 8.2, but was slightly 
modified by the effect of ambient light reflected from the display screen. Using the spot
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photometer the screen luminance was measured from the subjects point of view under 
the experimental lighting conditions. Table 8.3 gives these results and the display 
contrast ratio for a pattern of black and white squares. (The spot photometer 
measurements in table 8.2 were taken with the room lights off and from a closer 
distance to be comparable with the readings taken during the experiment with the EEL 
meter.)

Monitor Black Squares 
(cdlm2)

White Squares 
(cdlnfi)

Contrast
Ratio

Barco 50 Hz 3.1 55 17.7:1
Barco 80 Hz 4.0 62 15.5:1

Manitron 50 Hz 2.5 52 20.8:1
Manitron 100 Hz 2.6 53 20.4:1

Table 8.3
Display contrast from  subjects view point.

8.3 Procedure.

For the first part of the experiment the subject was seated on a stool, but by 
popular demand on a more comfortable draughtsman's swivel chair with a backrest for 
the remainder. The subject's eyelevel when seated was about 145cm above the floor, 
depending on posture and stature, and was slightly higher than the centre line of the 
monitor at 125cm. The experimenter sat some distance behind the subject facing a 
display connected to the BBC computer. On this was displayed the test pattern, the task 
number, the correct answer, and any response the subject had made. A high quality 

television camera was set up unobtrusively slightly behind the subject's monitor, about 
40 degrees off-axis. This enabled the experimenter to see from a second monitor on his 
bench, that the subject was looking at the task and answering conscientiously. (See 

figure 8.2)

A session was started by the subject pressing the space bar of the computer 

keyboard. The instructions were displayed page by page on the monitor as black 
characters on a bright background. To display the next page, the subject pressed the 
space bar. Subjects were shown what a target looked like on the screen and instructed to 

count the targets as quickly but as accurately as possible.
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Figure 8.2 

Apparatus fo r  Experim ent 1.
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Next, five practice trials were presented but from which no data were recorded. 
After these the subject was given the choice of repeating the instructions and practice 
trials, repeating the practice trials alone or proceeding with the experiment. None of the 

subjects repeated the instructions or practice, except by accident. Up to this point the 
experiment took about 5 minutes, and it was assumed that the subjects' eyes would by 
now be adequately adapted to the room lighting.

Presentation of the 100 search tasks followed. The order of the tasks was always 
the same; a pseudo-random sequence such that no consecutive tasks had the same 
number of targets. A trial commenced with the screen blanked (i.e. black) whilst the 
BBC computer transferred the display pattern to the Atom. After about 3 seconds the 
display was revealed and the subject began to count the targets, pressing the space bar 
when he had an answer. The screen was blanked again and about half a second later a 
prompt appeared on the screen to enter the number of targets. The answer was entered 
via the BBC numeric keypad and echoed to the screen. There was a small delay between 
pressing a key and the number appearing on the screen. Initially this caused some 
problems for one or two of the subjects but these were quickly overcome during the 
practice trials and the delay easily accepted. The answer was checked to see if it was a 
number between 1 and 20 and if not, the subject was prompted to re-enter his answer.

If the answer was correct, the screen was blanked and the next task presented; if 
not the subject was informed thus (on the screen) and the same task repeated. A 

maximum of three attempts were allowed for each task (although the subjects did not 
know this). If the third attempt was unsuccessful the experiment proceeded as if the 
answer had been correct. If by accident a number was entered which the subject did not 
intend but was nevertheless a valid answer (e.g 9 instead of 19) he was instructed to tell
the experimenter. A note of the trial and attempt number was made so that the error 
could be corrected later.

The computer recorded the number of attempts for each task, the time (in 
centiseconds) for which the task had been displayed and, right or wrong, the subject's 
answer. When all of the tasks had been presented the subject was briefly asked whether 
he had noticed flicker in the display and for any comments. After the second session he 

was also asked whether he had found the session easier than the first, and whether he 
felt that the picture had been clearer, brighter or no different than before.

8.3.1 Subjects.

Twelve male subjects participated; there were 10 in each sub-experiment (5 per 
group) with eight common to both parts of the experiment. None were frequent VDU 
users, but all watched television. By profession they were technicians, craftsmen or
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engineers (staff at UKAEA Harwell), aged between 22 and 36 years, with a median age 
of 24 years. Within the last three years each had been ophthalmically screened and with 
one exception had 6/6 or better visual acuity (with spectacle correction if worn). The 
exception had 6/9 acuity in his right eye and 6/4 in his left. All were naive as to the 
purpose of the experiment, and in each session were not told whether they were seeing 
the display at a high or a low field rate.

The two new subjects in the second part of the experiment were put in different 
groups; one saw the 50Hz field rate in his first session, the other, 100Hz.

8.4 Results.

Most of the subjects took about 50 minute per session, but the quickest took 

much less, about 30 mins. The slowest needed around 75 minutes. Where subjects had 

inadvertently entered wrong answers the data were corrected. The entire dataset was 
uploaded to the mainframe computer at University College London (UCL) where the 
following analyses were carried out, mainly using the BMDP package of statistical 
software (Dixon 1981). A few short Fortran programmes were also written to facilitate 
arranging the data into a form suitable for BMDP.

8.4.1 Errors.

In drawing any conclusions from the comparison of response times it is 
important to take into account the error rate (or indeed the response times when 
considering error rates). It is possible that subjects trade-off accuracy for a fast 
performance or vice-versa (e.g. Pachella and Pew 1968) and therefore a quantitative 
comparison of response times where the error rate is not the same can be misleading; 
two qualitatively different performances are being compared, slow and accurate vs. fast 
but inaccurate.

The data were analysed with a two-way analysis of variance of the number of 
errors, with field rate and the number of targets presented. This was done both for the 
total number of errors (the number of incorrect answers on attempts 1,2 and 3) and for 
the number of errors on the first attempt.

For the first part of the experiment, 50Hz vs 80 Hz with the Barco monitor, the 

total number of errors with number of targets in shown in figure 8.3. Similarly figure
8.4 shows the number of errors in the second part (50 vs. 100 Hz). The analysis of
variance showed that there was no statistically significant difference in the total number 
of errors between any of the field rates (^3,3920 = 0*13; /w) but as expected, the 
number of targets made a significant difference (^193920 = 12.31; p<  0.0001). There 
was no significant interaction between these two factors (E57 3920 = 0.96; ns).
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Analysis of the number of errors at the first attempt gave essentially the same 
results; it was therefore legitimate to compare subject performance on response times 
alone.

8.4.2 Search Time.

Although more of the data could have been used, only the response time for the 

first attempt at a task was analysed. It is possible that spurious results may have been 

introduced using the second and third attempts because subjects may have reasoned that 
their answer could not have been wrong by more than one or two targets and simply 
adjusted their first answer rather than repeat the task.

The search times were examined by calculating the linear regression of mean 
response time on number of targets presented. Linear regression was used for both ad 

hoc and a priori reasons. First, because it is a simple model which fits the data well 
(typically explaining 85% or more of the variance), and second because response time 
might reasonably be expected to vary in a linear fashion with number of targets 
presented. For each trial there will be a component of response time due to searching all 
of the display, a component due to "registering" each target (to fixate and count a target) 
and a component due to pressing the space bar. Whilst it is difficult to know exactly 
what cognitive processes are involved with each component, it is reasonable to suppose 
that the first and third will be largely independent of the number of targets and that the 
second will be related proportionally. Hence a linear relationship, with a non-zero 
interceptj is to be expected (perhaps with some deviation for the case of 20 targets, 
where the search need not be exhaustive; once 20 targets have been found there is no 
need to look for any more). The hypothesized effect of picture flicker could affect either 
or both of the first two components and hence be manifest as a change of intercept if 

only the first was affected, of gradient if the only second was affected or both gradient 
and intercept for both components.

If the residual variance, i.e. the variance not explained by the regression, was 

significantly reduced by partitioning the data in some way (e.g. by field rate) and fitting 

a linear regression in turn to the data on each side of the partition, then these linear 

regressions would be significantly different. Statistical significance could be tested by 

comparing the ratio of the variance explained and residual variance with the critical 
value from the F distribution for a given level of probability (see Appendix 1).
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Figure 8.5 shows results for 50Hz vs 80Hz with the Barco monitor. Each point is 
the mean of 5 trials by 10 subjects and the error bars are plus or minus one standard 
error of the mean. Similarly, figure 8.6 shows the results for 50Hz vs 100 Hz with the 
Manitron monitor. Table 8.4 gives a summary of these regressions:-

M onitor Difference F  Ratio dF m ,n p  Value

B 50Hz vs. B 80Hz 

M 50Hz vs. M 100Hz 

B 50Hz vs. M 50Hz 

B 80Hz vs. MIOOHz

50Hz Slightly Faster 
50Hz Slightly Faster 

M Faster 

M Faster

5.05

40.49

31.16

2, 1996 

2, 1996 

2, 1996

n.s. 
p = 0.0065

p < 0.0001 

p < 0.0001

where B = Barco and M = Manitron monitor.

Table 8.4 

Sum m ary o f  linear regressions.

Where the linear regressions were statistically significantly different, a test for
equality of gradients, yielding an F ratio, was performed. The slope of the regression for 
the Manitron at 50Hz did not differ significantly from the slope at 100Hz (F \ J 9 9 6  =

0.1996; ns). Thus this difference was independent of the number of targets. For the
other two statistically significant comparisons, those between the Manitron and Barco 
monitors, the slopes were different; (F i 1 9 9 5  = 16.11, p  = 0 .0 0 0 1 , and F 1 1 9 9 6  = 8 .6 6 ,

p  = 0.0033, respectively). These differences therefore depended on the number of 

targets.

The difference between the regressions was also reflected in the mean overall 
search times ( 1 0  subjects; 1 0 0  tasks):-

M onitor M ean Response Time 

(Sec)

±  Standard Deviation

Barco 50Hz 10.67 ± 6 .78

Barco 80Hz 11.09 ± 6 .45
Manitron 50Hz 8.89 ± 4 .58

Manitron 100Hz 9.45 ± 5 .07

Table 8.5 
M ean response times.
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In summary, there was a small difference in response time in the second part of 
the experiment between 50Hz and 100Hz, but not in the hypothesised direction; 
performance was slightly superior at the lower field rate. Much larger differences were 
found between the two 50Hz conditions and between 80Hz and 100Hz (i.e. between the 

two parts of the experiment). Whilst the former difference did not depend on the 
number of targets, the latter two differences were related linearly.

8.4.3 Subject Comments.

The subjects were asked for comments after completing both sessions, 
specifically whether the task was easier in one session than the other and whether the 

display had seemed brighter or clearer in either session. None spontaneously mentioned 
display flicker and when prompted only one commented on it. This subject participated 
in both parts of the experiment and saw flicker in both 50Hz sessions, but there was no 

evidence that his performance was adversely affected.

In the first part, all but one of the subjects thought either that the second session 
was easier than the first or that they were of equal difficulty. In the second part of the 
experiment both new subjects found the second session easier, whilst only one of the 
other subjects thought the second to be the easier session. Table 8 .6  shows these 
opinions arranged by field rate. Although the numbers were probably too small for any 
reliable statistics to be performed, there was no evidence to suggest that the higher field 
rates were preferred.

Opinion N um ber o f  Subjects 

(P a r ti)
N um ber o f  Subjects 

(Part 2)

Lower Field Rate Easier 4 3

Higher Field Rate Easier 4 4

No Difference 2 3

Lower Field Rate Clearer 2 1

Higher Field Rate Easier 2 4

No Difference 6 5

Lower Field Rate Brighter 0 0

Higher Field Rate Brighter 2 1

No Difference 8 9

Table 8.6
Subjective judgem ents o f  display quality
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Table 8 .6  also shows subject opinion about which display was the 'clearer' and 
which if either was the brighter. 'Clearer' meant a subject had commented in some way 

that the targets were easier to see, and in one case that the display had more contrast. 
Because of the small number of observations and informal nature of the comparison it 

was not possible to draw any strong conclusions, but it appears that there were no 

noticeable differences between the field rates.
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Chapter 9

9. Experiment 2 : Reading.

In a similar vein to experiment 1, experiment 2 looked for differences in subject 
performance whilst reading text from a television display at either a high or a normal 

field rate. Again, the hypothesis was that at the lower field rate display flicker would 
interfere with saccadic eye movements in the way described in chapter 7, causing a 

poorer performance with subjects reading more slowly, losing their place more 
frequently or perhaps failing to understand the read material. Experiment 2 
complemented rather than repeated experiment 1 since the eye movements in reading 
are likely to be much more stereotyped and more similar to those in the experiment of 

Wilkins (1986). It is possible that flicker only upsets this sort of saccade, or only 

predominantly horizontal saccades.

Apart from the modifications described in 7.1, the apparatus was unchanged. 
The method was broadly the same, although the 80Hz condition was dropped; only the 
Manitron monitor was used, at 50Hz and 100Hz, and the television camera for 
observing the subject was not used.

9.1 The Task.

Subjects were required to read pages of text from the screen, silently at their 
normal reading rate, and to ensure that they had done so answer five written questions 
about what they had read. There were 12 passages, between 3 and 5 pages long, plus a 
practice passage. When the subject reached the end of a page he/she pressed the space 
bar on the BBC micro to advance the text by one page but could not revisit previous 
pages. The subjects were instructed to read each page through once and only once 

before pressing the space bar, but some re-reading, depending on the skill of the reader 

was almost inevitable. The time for which each page had been displayed on the screen 

was recorded automatically, and knowing the number of words on each page this was 
later converted into reading rate in words per second. Thus there were two measures of 

performance, reading rate and comprehension score.

The pages of text were prepared prior to the experiment with a word processing 

programme (Wordstar, CPM version) and stored on disk in a form which could be read 

by the BBC micro. The text was justified (i.e. aligned with left and right hand margins) 

but the display format was restricted by the graphic capabilities of the Atom to 24 lines 

of 32 characters. This gave a little over 50 words per page. The text was displayed as 
black characters on a white background, each character made up from a matrix of 8  by 8 

pixels. Since the Atom was used in the same graphics mode the pixel size and active 
display area were the same as in experiment 1. Each character was comparable in size to
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the targets in the visual search task. Similarly the scanned area of the screen was the 
same, but as the characters were black dots on a white background the unavoidable 
white border was not apparent.

In the experimental design each subject attempted the task at both high and low 
field rates. Since it would have been unreasonable to expect the subjects to have 

completely forgotten by the second session what they had read in the first, there were 

two parallel forms of the task. For each of the 12 passages in the first form there was a 

corresponding passage in the second from the same source with, in most cases, the same 
number of words plus or minus eight or less. Although some pairs of passages differed 
in length by more than ten words, the total number of words in each form was the same 
to within 1 word and in any case would make little difference as the time to read a 
passage was eventually converted to reading rate in words/second.

The passages were drawn from a number of sources with a range of reading 
difficulties, covering contemporary novels, newspaper articles and two standard reading 
tests, reproduced with permission of the publishers. The newspaper articles were from 
the Diary column of the Guardian written in the same style, but slightly altered so as to 
have the same number of words, and from the journal of the Royal Television Society. 
The novels included material by Garison Keilor, John Le Carre, Grahame Greene, 
Milan Kundera, Jean-Paul Sartre and Alan Sillitoe. Two of the passages were from 
Steven Hawkins 'A Brief History of Time'. The five questions following each passage 
were constructed to test the comprehension of five salient points approximately equally 
spaced in the passage.

The standard reading tests were from NFER-Nelson (Neale 1987), and from 
Macmillan Publishing (Vincent and de la Mare 1987). The former had two forms, and 

the latter three, one of which was discarded. Since both of these tests were intended for 

school children aged between 5 and 16, only the two most difficult passages from each 

were appropriate. Hence the standard reading tests comprised 4 of the twelve passages 
in each form of the task. The tests were used in a different way to that intended, since 
the passages would normally have been read aloud and subjects marked on the number 

of hesitations, omission, mispronunciations etc, in addition to answering the 

comprehension questions. Also, some of the questions were deleted because they did 
not bear directly on the passage, for instance asking the meaning of a particular word 

occurring in the text, but mostly to end up with 5 questions per passage. (In the original 

form a variable number of questions followed the text, between 6  and 8 ).

No objective attempt was made to check the comparative difficulty of the 

passages. Subjectively, however, passages from the same source were selected to be of 

similar complexity and the sources selected to give a range of reading difficulty. It was
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assumed that reading rate would be similar for passages by the same author and a check 

was incorporated in the experimental design to account for any such differences.

9.2 Viewing Conditions.

Viewing conditions were very similar to those used previously. With the subject 
seated at a distance of 150cm from the screen the approximate dimensions of the screen, 
active picture area, character size and pixel size were the same as those given in table 
8.2 .

Screen luminance whilst displaying a black and white chessboard pattern was 

measured with the Minolta spot photometer and set to the same value as accurately as 

possible at 50Hz and 100Hz. Measured values were:-

Display Luminance 50Hz Lum inance 100Hz
(cd/m2) (cd/m?)

Black 3.6 3.3
White 61.9 62.0

Table 9.1 
Display luminance; experiment 2.

This gave contrast ratios at 50Hz and 100Hz of about 17.2:1 and 18.8:1 
respectively. The room was lit by dimmable tungsten lamps and the illuminance was set 
to about 100-150 Lux where the subject was seated, measured with the EEL 
Lightmaster photometer.

9.3 Subjects and Experimental Design.

Sixteen subjects participated, 15 male and one female, of whom 2 had 

participated in the previous experiment and 4 in all knew the hypothesis to be tested. 

The subjects were drawn from the same pool as before; technicians, craftsmen or 
engineers at Harwell, with a similar age range. On a basic eyesight test with a Snellen 

chart all but two subject scored 6 /6  or better visual acuity, the two scoring 6/9 with one 
eye and 6 /6  or better with the other.

For twelve subjects the experimental design was similar to experiment 1; they 
were divided into 2 groups one of which saw 100Hz first, the other 50Hz. In a second 

session they saw whichever field rate they had not already seen. The second factor, 
form of the task, was crossed with this, i.e. of those who saw 100Hz first, half read the
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passages from form one in their first session whilst the rest read form two. In their 
second session subjects read the form of the task they had not already seen.

The remaining four subjects saw the same field rate in both of their sessions but 

different forms of the task to check for differences between the two forms.

9.4 Procedure.

Written instructions were provided asking subjects to read each page once and 
only once then press the space bar of the computer keyboard. For some passages the last 

page was shorter than the rest, sometimes only a few lines long. In such cases subjects 
were instructed to press the space bar as soon as they had finished reading. They were 

also instructed not to read the accompanying questions until they had read the passage. 

W hilst the subject read the instructions the monitor displayed a copyright notice 
requested by NFER-Nelson.

The experiment commenced with a practice passage. After reading the text page 

by page the subject answered the questions, writing in the spaces provided on the 
question sheet. There was one page of the question sheet for each passage. When the
subject was familiar with the task the rest of the passages were presented and the
questions answered between passages. The pages of text were retrieved from floppy 
disk and transferred to the Atom as a graphics image in the same way as the visual 
search tasks in experiment 1. Whilst the subject was reading a page from the screen the
following page of text was being transferred to a different page of memory in the Atom.
When the space bar was pressed this page of memory became the displayed page, 
swapping with the previously active display page. The process was repeated for 

subsequent pages and the BBC micro recorded the time for which each page had been 
displayed.

After their second session subjects were not asked for comments or preferences 

as this yielded so little information in experiment 1 .

9.5 Results.

9.5.1 Reading Rate.

Reading rate was derived by dividing the number of words per page by the time 
for which each page had been displayed. Thus for each passage there were as many 

estimates of reading rate as there were pages in the passage. These data were analysed 
using a spreadsheet programme (Borlands Quattro, version 1.0, 1987) on an IBM 
PC/AT.



For the four subjects who saw the sam e field rate in each session, Pearson's 

coeffic ien t o f correlation (see appendix 1), r, for reading rate on co rresponding  pages of 

the two form s o f the task was 0.35, which although relatively  m odest was highly 

statistically  significant {p < 0 .001, N = 170). S im ilarly , taking the data  overall^/' was 

highly  significant (/* = 0.546, N = 684, p < 0 .001) indicating that passages in the two 

form s o f the task were well m atched. D ividing the data into passages from  the standard 

reading tests and passages from  other sources and calculating r  separately  for each 

group indicated  that the form s o f the standard reading tests were slightly  better m atched 

(r = 0 .62, N = 175, p  < 0.001) than those from  other sources (r = 0 .52 , N = 509, p < 

0.001). H ow ever, since the latter correlation was still highly significant this distinction 

was not m aintained for the rest o f the analysis.

M ean Reading Rate 50H z vs. 100Hz (12 subjects)

■  50H z 

□  100Hz

0 1 2 3 4 5 6 7 8 9  10 11 12 

Passage

Figure 9.1

Figure 9.1 shows the m ean reading rate for each passage (w here passage 0 was 

the practise passage) for the tw elve subjects who read from  the d isplay at both 50H z and 

100Hz. A tw o-w ay analysis o f variance using GLIM  (N elder 1977), including passage 

0, w hich from  figure 9.1 did not appear to d iffer from  any of the others, gave the results 

in table 9.2.

There were clearly  statistically  significant d ifferences in reading  rate betw een 

the passages, although the passages considered to be the easier ones were not 

necessarily  read m ore quickly. For exam ple passage 3, from  the N FE R -N elson reading 

test, was considered  to be relatively easy but had practically the slow est m ean reading 

rate. On the o ther hand passage 8 , from  the M acM illan reading test, aim ed at 12-15 year 

old school children was considered to be easy and indeed proved to have the highest
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reading rate. No particular significance was attached to this; all that was intended was 
that the passages should span a range of reading rates, and from figure 9.1 this appears 
to have been achieved.

Factor Sum o f Squares dF Mean Square F Ratio P

Passage 55.27 12 4.61 8.23 p < 0 .0 1

Field Rate 0.76 1 0.76 1.36 n.s.
Interaction 2 .1 2 12 0.18 0.32 n.s.
Residual 561.40 1 0 0 2 0.56

Total 619.55 1027 0.60

Table 9.2
Analysis o f  reading rate by f ie ld  rate.

No pattern could easily be discerned in the differences between reading rate at 
50Hz and 100Hz, which were in most cases small. Although reading rate was faster at 
50Hz than at 100Hz slightly more often than vice-versa, these differences were not 

statistically significant (table 9.2). Likewise there was no statistically significant 
interaction between passage and field rate (for example, easier passages read more 
slowly at 50Hz whilst more difficult passages read more slowly at 100Hz or v.v).

A similar analysis was carried out on the data from the 4 subjects who saw the 
same field rate in both sessions. Figure 9.2 shows the mean reading rate for each 
passage, with session replacing field rate in grouping the data. The two way analysis of 

variance gave the results in table 9.3:-

Factor Sum o f Squares dF Mean Square F Ratio P

Passage 15.96 12 1.33 4.95 p < 0 .0 1

Session 4.24 1 4.24 15.70 p < 0 .0 1

Interaction 2.54 12 0 .2 1 0.78 n.s.
Residual 83.67 314 0,27

Total 106.41 339 0.31

Table 9.3 

Analysis o f reading rate by session.

As before, there were statistically significant differences in reading rate between 
passages, following broadly the same pattern as the other twelve subjects: the passages 

read more slowly by the former were also read slowly by these subjects. There was also
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a statistically  significant d ifference betw een sessions, with for m ost passages a faster 

reading  rate in the second session. The m ean reading rate fo r session 1 was 2.28 

w ords/sec, versus 2.50 w ords/sec for the second session. T he in teraction betw een 

passage and session was not statistically  significant.

M ean Reading Rate, Session 1 vs. Session 2 (4 subjects)

3.5 

3

2.5

Reading Rate 2 
(W ords/Sec) 1.5

1

0.5 

0

0 1 2 3 4 5 6 7 8 9  10 11 12 

Passage

I Session 1 

Q  Session 2

Figure 9.2

9.5.2 Com prehension Scores.

For each subject, com pletely correct answers to the com prehension questions 

were each given one point, partially  correct answ ers 1/2 point, and obviously , incorrect 

answ ers no points. As the questions were straightforw ard and each about a single salient 

point in the text, com pletely  correct or com pletely incorrect answ ers could be m arked 

objectively. H ow ever for partially  correct answ ers scoring was m ore d ifficult, and the 

decision to aw ard either 1/2 a m ark or no m arks was inevitably slightly  subjective.

The scores were analysed on an IBM PC/A T, again using Q uattro and GLIM. 

Figure 9.3 shows the m ean score per passage for the tw elve subjects who saw the 

display at both 50H z and 100Hz. A lthough strictly the score data were discrete (i.e. in 

quanta o f 1/2 a m ark), they were regarded as being from  a continuum  and analysed with 

a two way analysis o f variance in the sam e way as reading rate. As anticipated , there 

was som e variation in m ean score betw een passages, which proved to be statistically 

significant at the 1% level. From  figure, 9.3 m ean score appeared to be slightly higher 

at 50H z for the first 5 passages but the pattern was not sustained for the rest o f the text.
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In the analysis o f variance (table 9.4) neither field rate nor the interaction betw een field 

rate and passage proved to be significant.

M ean Com prehension  Score, 50H z vs. 100Hz 
(12 Subjects)
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Passage

Figure 9.3

Factor Sum o f Squares dF Mean Square F Ratio _____ P

Passage 99.70 12 8.31 6.16 p < 0.01

Field Rate 2.60 1 2.60 1.93 n.s.

Interaction 6.22 12 0.52 0.39 n.s

Residual 386.20 286 1.35

Total 494.72 311 1.59

Table 9.4
Analysis o f comprehension scores by field rate.

As with the reading rate data, scores for the 4 subjects who saw the same field 

rate in each session were subjected to a sim ilar analysis, with session replacing field  rate 

as a factor. F igure 9.4 shows m ean score per passage for these subjects. C om pared with 

the previous figure there was some sim ilarity , but from  the analysis of variance the 

d ifference betw een passages was now statistically  significant only at the 5% level. Table

9.5 shows the m ain results o f the analysis, and that unlike reading rate there was no 

significant effect due to session.

n

■  50H z 

□  100Hz
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Mean C om prehension  Score, Session 1 vs. Session 2 
(4 Subjects)
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M ean Score
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Passage

Figure 9.4

Factor Sum o f Squares dF Mean Square F Ratio _____ P

Passage 29.59 12 2.47 1.90 p < 0.05

Session 0.19 1 0.19 0.15 n.s.

Interaction 9.71 12 0.81 0.62 n.s

Residual 101.56 78 1.30

Total 141.06 103 1.37

Table 9.5
Analysis o f comprehension scores by session.

M  Session 1 

CH Session 2
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Chapter 10

10. Discussion of Experiments 1 & 2.

In Experiments 1 and 2 the hypothesised effects of changing the display field 
rate were not found. In experiment 1? statistically significant differences were found 

between the two parts of the experiment, involving different display monitors (Barco 
and Manitron) and between 50Hz and 100Hz in the second part (Manitron monitor). In 

the latter, performance was slightly slower at 100Hz by a fixed amount not dependent 

on the number of targets. However the hypothesis predicted faster performance at the 
higher field rates and no difference between the two 50Hz conditions.

Because of the experimental design, it was not possible to say whether the 
relatively large difference between the two parts of experiment 1 arose from actual 
differences between the Manitron and Barco monitors or could be explained by a 
practice effect; eight of the subjects were common to both parts of the experiment and 
had therefore already completed two sessions before starting part two. For these eight 
subjects figure 1 0 .1  shows the linear regression of mean response time on number of 
targets for each session. Sessions 3 and 4 were respectively the first and second sessions 
of part 2. The ordering of the lines is consistent with a practice effect; the line for each 
session lies below that for the previous session, indicating a progressively faster 
performance. The disposition of the regression lines may explain the difference in slope 
of the linear regressions between parts 1 and 2:- 80% of the data in figure 8.5 were 
drawn from session 1 and 2 and 80% of those in figure 8 .6  from session 3 and session 4, 
making performance with the Manitron monitor appear to be faster than with the Barco.

Group Mean Group Mean Difference P

Session 2 9.00 Session 3 9.38 0.38 >0.05
Session 4 13.38 4.38 < 0.05 *
Session 1 14.38 5.38 < 0.05 *

Session 3 9.38 Session 4 13.38 4.00 < 0.05 *
Session 1 14.38 5.00 < 0.05 *

Session 4 13.38 Session 1 14.38 1 .0 0 >0.05

* indicates a significant result.

Table 10.1
Newman-Keuls analysis o f mean number o f  errors, comparing all sessions.
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However the error rate was not constant across the sessions ( ^ 3 3 1 2 0  = 5.13, p  =

0.001; all attempts). A Newman-Keuls analysis (see appendix 1) showed that for session 
4 the rate was no different from session 1. Sessions 2 and 3 were not significantly 
different from each other but differed from sessions 1 and 4, with fewer errors made in 
sessions 2 and 3 (table 10.1).

18- ■o Session 1

16- -a Session 2

14- ■Q Session 3

1 2 - Session 4

1 0 -□L

8 Subjects common to both

parts of experiment 1.

Number of Targets

Figure 10.1 
Response Time, Sessions 1 to 4, Experiment 1

Session Mean Response Time 
(Sec)

±  Standard 
Deviation

Number o f  

Errors

1 11.93 ± 6 .79 111

2 10.33 ±5.88 72

3 9.51 ± 4 .89 75

4 8.65 + 4.87 107

Table 10.2
Comparison o f sessions 1-4 fo r  8 subjects common to both parts o f expt. 1.

Strictly, this made a quantitative comparison of the response time regressions 
| dubious, but with practice it might have been expected that subjects would perform
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more quickly, more accurately, or both in each successive session. For the first three 

sessions this was true:- session 2 was faster and more accurate than session 1; session 3 
was faster than session 2 for the same accuracy, but for session 4 there was a different 

speed-accuracy trade-off; session 4 was the fastest of the 4 sessions, but only as accurate 
as session 1. This is summarised in table 10.2.

This suggests that practice explained the difference between the first three 
sessions and probably between the two parts of the experiment, but after that had little 

effect. If this were correct then the two subjects new to the second part might be 
expected to have performed in a similar way to the ten subjects in the first part.

For these two subjects the error rates at 50Hz and 100Hz were not significantly 

different from the 1 0  subjects in part 1 , and there was no interaction between field rate 

and the number of targets. At 100Hz the regression for response time against number of 
targets was not significantly different from the corresponding regression (i.e. 80Hz) in 

part 1 , but was different from the rest of the subjects in part 2  at the higher field rate. 
However at 50Hz the regression for the new subjects differed significantly from 50Hz 
in part 1 (F2 J 1 9 5  =14.91 , p <  0.0001) but not from the rest of the subjects at 50Hz in

part 2 . Potq A the higher field rate therefore argued that the two new subjects performed
ivheteos, ciaU f n * 1

in a similar manner to those in part 1 , A the lower field rate^that they performed like 
those in part 2 ; no conclusion can be drawn from this.

Session by session, the error rate for the new subjects (all attempts) did not 
differ significantly between sessions, nor from the error rate of the eight subjects 
common to both parts during their third session. There was no interaction with number 
of targets in either case. In response time the new subjects' second session was not 

significantly different from the old subjects' fourth session, whilst the regression line for 

the new subjects' first session lay between the old subjects' first and second sessions. 

The two new subjects therefore appear to have started off slower and less accurately 

than the rest in part 2 , but by session 2  performed at the same speed but more accurately 

than the other 8 . This supports the idea of a relatively large practice effect, with these 
two subjects learning quickly and becoming good at the task.

In the experiment 2, as in the first experiment,there was the possibility of a 
trade-off between speed and accuracy, i.e. a qualitative change in the way in which the 

task was performed, neither mean reading rate nor comprehension score could be 
considered in isolation. An increase in reading rate may have been accompanied by a 
decrease in comprehension or vice versa, in which case it would be difficult to say 

which represented the superior performance. However statistically significant 

differences were found neither in reading rate nor comprehension score and therefore 

there was no evidence of an impaired reading performance at the lower field rate.
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From the four subjects in experiment 2 who saw the same field rate in each 
session, there appears to have been a practice effect whereby reading rate was slightly 
faster in the second session with comprehension score unchanged. These data were not 
divided up by field rate, since such a comparison may have reflected (possibly large) 

differences between subjects as much as any differences due to field rate; the subjects 
were selected at random and in no way matched across the two field rates. However 

figure 9.1 did suggest that reading rate was faster at 50Hz more often than at 100Hz. 
Similarly figure 9.3 suggested that mean comprehension score was slightly greater at 

50Hz more often than at 100Hz. Although these differences could have occurred by 
chance (i.e. these results were not statistically significant) the direction of the difference 
was the same as the surprising but statistically significant difference in response time 
between 50Hz and 100Hz in the second part of experiment 1.

It is tempting to look for some factor other than display field rate to account for 
this finding which perhaps also masked real differences in reading rate or 
comprehension which were due to flicker. As display contrast and luminance were well 

matched, one possibility was that the display resolution depended on field rate and the 
picture was less sharp at the higher field rates. Therefore display resolution was 
measured.

10.1 Display Monitor Resolution.

The Atom was used to generate linear gratings of different ̂ spatial frequencies up 
to the maximum possible, where alternate pixels along a line were A . As a measure of 
system response the luminance modulation of the display was measured at each spatial 

frequency for 50Hz, 80Hz and 100Hz field rates. Modulation and its relationship to 

display resolution were defined in section 2.2.2. With a close-up lens attached to the 
spot photometer it was possible to measure the screen luminance of an area 0.4 mm in 
diameter, which was smaller than the width of the black and white bars of the highest 

frequency grating. A complete specification of display resolution would depend on the 

depth of modulation at spatial frequencies higher than the highest frequency grating that 

could be generated by the Atom. However since modulation generally falls off smoothly 

as the limiting resolution is approached, any difference in the values which could be 

measured directly would still be indicative of overall differences in resolution between 
the field rates. Measurements from both monitors at high and low field rates are plotted 
in figure 10.2. The four frequency gratings corresponded to the following sequences of 

pixels repeated on each line of the picture:- 4 pixels on 4 pixels off, 3 pixels on 3 pixels 
off, 2 pixels on 2 off and every other pixel on. Each data point in the figure was a single 

measurement and the spatial frequencies were expressed in cycles per degree of visual 
angle from the subject's view point.
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Figure 10.2
Monitor Resolution at High and Low Field Rates.

The figure shows that resolution was slightly degraded at the higher field rates 
for both monitors. The difference between 50Hz and 100Hz for the Manitron monitor 
was slightly greater than the difference between 50Hz and 80Hz for the Barco. There 

was also a small difference between the two monitors at 50Hz.

To get an indication of the importance of this level of picture degradation, data 

from the worst case (the Manitron monitor at 100Hz) were compared with modulation 

sensitivity functions of the human visual system. Figure 10.3 shows the sensitivity 

functions obtained by Van Meeteren and Vos (1972) for a field 17° by 11° of visual 

angle. The reciprocal of the modulation measured from the Manitron monitor at 100 Hz 

is plotted on the same scale. Sensitivity is defined as the reciprocal of the modulation 
for which subjects would see, with a probability of 0.75, a grating rather than a uniform 

grey field. The solid curves therefore approximate the boundaries between seeing a 
grating and a uniform field. The mean luminance here was about 27 cd/m^ so the 

modulation of the display at the highest measured spatial frequency was at least 2 0 0  

times greater than that required at threshold. There was therefore no question that the 

degradation in resolution prevented subjects from seeing individual pixels at the higher 

field rates. Extrapolating the dotted line corresponding to monitor resolution until it 
crossed the solid line for lOcd/m^ suggested that a grating would cease to be visible at
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about 50 cycles per degree. This is about three times higher than the spatial frequency 

represented by the case where pixels were alternatively on and off along a line. Thus 
display resolution would easily be sufficient for such a configuration to appear 

relatively sharp, even in the worst case of picture degradation. The difference in 

resolution due to field rate is therefore unlikely to have been noticeable or have made 

any significant difference to performance of the tasks.

500 + 10 cd/m 
1 cd/m2 0 0 -

100 - - A MANITRON Monitor
at 100 Hz> N

>
•r*
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Figure 10.3
M onitor Resolution and Spatial-Contrast Sensitivity Functions.

A further objection to the idea that a difference in resolution was responsible for 

the 100Hz-50Hz difference in experiment 1 was that it is difficult to see how this could 
bring about a change only in the intercept of the linear regression. If subjects searched 

the display for a cluster of pixels which might contain a target and then examined the 
cluster to decide if it was in fact a target, only the second of these operations is likely to 

have been impaired by loss of resolution. Only if the picture degradation was very 

severe (not the case here) would there be any difficulty in identifying candidate clusters. 

Effects due to resolution would therefore depend on the number of targets and change 

the slope of the linear regression rather than add a constant to response time 
independent of the number of targets. An alternative strategy which subjects might have 

employed would be simply to count any cluster which looked vaguely like a target. 

Resolution would then not effect the response time very much, but there might be a 
change in the error rate; an effect however for which no evidence was found.
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The results of experiment 1 therefore lead to the conundrum that it is difficult to 
attribute the 100Hz-50Hz difference to anything other than display field rate, but if field 
rate is responsible why is the difference not in the direction expected from the 

literature? In addition it is not as if visible flicker at the lower field rate improved 
performance by drawing attention to the targets like a flashing warning light; the 

subjects largely did not report seeing any flicker and the difference in response time did 
not depend on the number of targets. In practical terms the difference was very small, 
easily swamped by the difference between the two parts of the experiment, which was 

probably due to a practice effect. It is unlikely that this finding has any far reaching, 
everyday consequences.

In experiment 2 it is unlikely that differences in display resolution masked any 
effect of display flicker; there simply weren't any which could be measured in this 
experiment, although display resolution is revisited in the discussion of experiment 3, 
the only experiment which did not depend on the display monitor for formation of the 
image seen by the subjects.
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Chapter 11

11. Overview of Flicker Experiments: 2. Eye Movements.

Possibly, in the first two experiments, display flicker did disturb subjects' 

saccades, but the disturbance had no effect on ability to perform the tasks. Alternatively 
display flicker may have no measurable effect on eye movements, contrary to the 

conclusions of Wilkins (1986). The former would not be too surprising considering the 

remarkable abilities of the human visual system to make sense of information degraded 
in other ways without very much impairment of ability to perform a task. For example, 
reading rate is very much un-impaired by low levels of display contrast; a tenfold 
reduction in contrast has virtually no effect (Legge et al 1987).

In experiments 3 and 4 eye movements were recorded from subjects performing 
tasks similar to those in experiments 1 and 2  whilst the display field rate was either 
50Hz or 100Hz. Recordings were examined for evidence of differences related to the 
display field rate, and in particular for an increase in the number of small, corrective 
saccades relative to the number of larger primary saccades when the display was 
scanned at the lower field rate. To some extent the extraction of saccades and fixations 
from the recordings was automated using techniques described in chapter 1 2  and 
appendix 3.

To facilitate analysis and overcome shortcomings of the eyetracker (see below) 
the tasks were highly structured to produce predominantly horizontal saccades. 
Analogous to the visual search task in experiment 1, subjects in experiment 3 were 

required to spot a number of differences between two line drawings displayed side by 
side. In this kind of task the most common approach is to look at a small area of one 

picture and then the corresponding area of the second thus making many horizontal 

saccades. The pictures were not actually displayed on the TV monitor, but were 
photocopied onto acetate sheet which was mounted in front of the screen and 
illuminated by a uniform white raster. This reduced the resolution requirements of the 
display and simplified preparation of the tasks. Corresponding to reading text from the 
screen in experiment 2, the task in experiment 4 was to pick the odd word out from 

three displayed across the screen. Unlike experiment 3, the characters were generated by 

the Atom and displayed directly on the TV monitor.

The words were either 3 ,5  or 7 letters long and were either black characters on a 
white background or white on a black background. Some authors (e.g. Radi 1980) have 

found that text displayed as black characters on a white background is not only 

preferred but subjects perform visual tasks better than with white on black characters. 
Possibly this may be related to the disturbance of saccades by display flicker. For black 

characters on a white background there will be large areas of white screen possibly
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flickering at the field rate. For white characters on black only the characters will flicker 
(or jitter if there is interlace).

To calibrate the eye tracker, so that the output voltage could be related to 

direction of gaze and the size of saccades calculated in degrees, the output was recorded 

when the subject was looking in known directions. Four calibration points were used, at 
the left, right, top and bottom of the display. The voltage when looking at the left point 
and the voltage difference between the left and right points gave the horizontal 
calibration. Similarly the top and bottom points gave the vertical calibration. The 
subjects were prompted to look at these points a number of times during a session which 

made any change in calibration (mainly due to head movements) readily apparent.

The experimental design followed the same pattern as before. To minimise the 
time spent adjusting the eye tracker to suit a particular subject the first session of 
experiment 4 followed that of experiment 3 after a break of about 5 minutes; similarly 
for the second sessions which were separated from the first sessions by at least a day.

11.1 Apparatus.

Similar to experiment 2, experiments 3 and 4 used the Acorn Atom to generate a 
picture at a field rate of 50Hz or 100Hz, the Manitron monitor to display this and the 
BBC micro to control the experiment. The BBC micro retrieved from disc information 
to be displayed and controlled the data transfer to the Atom. The 80Hz condition and 

the Barco monitor were not used.

A black card mask with a window 22.6cm by 12.6cm cut in it, was attached to 

the front of the monitor. The edges of the window were extended inwards, 
perpendicular to the screen to meet the front surface of the glass. This hid the white 
border which always surrounded the addressable part of the display (see section 7.1). 
The monitor scans were adjusted (on both scan boards, one for 50Hz the other for 

100Hz) so that the centre 255 by 192 pixel part of the screen fitted the window exactly. 

Black tape affixed to the screen behind the mask helped to reduce optical flare from the 

border and made it virtually undetectable when the mask was in place. Further pieces of 

black card attached to the front of the mask provided location for acetate sheets used for 

spot the difference tasks.

To the left, right, top and bottom of the window matrices of 7 by 5 red LEDs 

were attached to the mask. The spacing between LEDs was 0.1" vertically and 
horizontally. These were used to present the calibration points which took the form of a 

small cross of lighted LEDs. When the subject fixated each of these in turn the output of 
the eye tracker was assumed to correspond to a known point in space, i.e. the centre of 

the cross. Figure 11.1 shows the dimensions of the mask and the position of the LED
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arrays. The LEDs were controlled by the Atom via an interface board. To minimise the 
number of connections the LEDs were multiplexed and a machine code programme 
running on the Atom selected first the LED array (1 to 4) and row number (1 to 7). 

These were latched on the interface board whilst the Atom wrote column data for that 
row to the interface. The process was repeated, incrementing the row address until all 
the rows of one array had been displayed, then the next array was addressed. Although 
only one cross was ever displayed at a time the programme cycled through all of the 

arrays. Since a complete cycle took only about 5ms no flicker of the LEDs was visible.

500

93
• • • • • • • LED Array
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LED Array

LED Array 3
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Figure 11.1 
Monitor Mask fo r  Experiments 3 and 4.

The subjects head was restrained by a chin pad and forehead rest clamped to the 

bench with the centre of the monitor screen at eyelevel. This ensured that recordings of 
eye position were not corrupted by head movements and that (1 oire patterning between 

the display raster and the lines in the spot the difference drawings was minimised. 
Viewing distance was lm , and in degrees of visual angle the dimensions of the mask 
were:- 19.5° horizontally between the left and right calibration points, 13.9° vertically 

between the top and bottom calibration points and 12.9° by 7.2° for the window.
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Figure 11.2 
Apparatus fo r  Experiments 3 &4
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A box with three push button switches was held by the subject who depressed 
the appropriate button to indicate which was the odd word out in experiment 4. During 
calibration the buttons were used by the subject to indicate when he/she was fixating a 
cross, and in experiment 3 to indicate that he/she was looking at a difference between 

the two drawings in one or other of the pictures. Figure 11.2 is a photograph of the 

whole set-up including the eyetracker and recording system.

11.1.1 Evaluation of an IR Eyetracker.

A suitable IR eyetracker (see section 5.3), an EM Type 54, was hired from 
Optoelectronic Development, Havant, Hants, initially for a one month evaluation and 
then for the duration of experiments 3 & 4. Figure 11.3 is a photograph of this device. 

Vertical and horizontal rotations of the left and right eyes could be measured on the 
principle described in section 5.3.3. Note that the device registered eye position relative 
to the head and therefore depended on stabilisation of the head for accuracy in 
measuring absolute direction of gaze. The IR LEDs and phototransistors were mounted 
on a frame based on a pair of industrial safety glasses with some (limited) adjustment of 
position and direction of the sensors. A switchable filter allowed the frequency response 
of the device to be band limited to either 40Hz or 280Hz. The filter was set to 40Hz 
throughout.

To estimate the resolution required it was assumed that in experiment 3 most of 
the primary (as opposed to corrective) saccades would be between corresponding points 
in the two drawings, i.e. about half the width of the window. In experiment 4 the 
smallest saccades would be from towards the end of one word to the beginning of the 
next (McConkie, Kerr, Reddix and Zola 1988) or intraword saccades for the seven letter 

words. This was about the width of 5 characters or one fifth of the width of the window. 

To detect an overshoot of about 10% required that the eyetracker resolve saccades of 
one fiftieth the window width or less. Thus a resolution of 15.5 minutes of arc or better 

was required in experiment 4, but somewhat less for the spot the difference task.

To be able to use the calibration points to convert output into degrees, the output 

had to be a monotonic function of position, ideally linear to simplify the calculation, 

over the distance between the calibration points. Horizontally this was ±9.7° and 
vertically ±6.9°.
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Figure 11.3 
EM54 Eyetracker.

11.1.1.1 Resolution, L inearity and Accuracy.

Evaluation trials of the eyetracker were conducted with the output voltages 

(horizontal and vertical) for each eye connected to analogue input channels of the BBC 

m icro. Each channel was interfaced via a sim ple inverting am plifier circu it with a 

variable offset and a gain o f about 3. The voltages were represented by an integer in the 

range 0 to 4095 (12 bit resolution) with 0 corresponding to m axim um  deflection 

dow nw ards and to the left, 4095 upwards and to the right. The com puter sam pled and 

recorded these voltages ten tim es a second for later analysis, w hilst displaying a small 

square target at various positions on a m onitor screen.

The subject viewed this screen on axis from  a distance of 1.4m with his head 

restrained as in experim ents 3 and 4. The target initially appeared at the centre of the 

screen for 4 seconds. Follow ing a beep from  the com puter the square was displaced to 

the righ t for 3 seconds and then returned to the centre, accom panied by a double beep. 

A fter 4  seconds the square was displaced upw ards, returning to the centre 3 seconds 

later using the same audible cues. The sequence continued in a sim ilar way with 

d isplacem ents leftw ards, then dow nw ards. This cycle was repeated 18 tim es with
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progressively smaller displacements as the square followed a spiral path, returning to 
the centre between displacements.

Initially the target moved 190 pixels in the horizontal direction and 95 vertically, 
with the displacements reduced by 10 pixels horizontally and 5 vertically after each 
cycle. On the screen a pixel measured 0.54mm horizontally by 1.1mm vertically giving 
initial displacements of +4.2° horizontally and ±4.3° in the vertical direction, with 

respective step sizes of 0.22° (13.2 arc min) and 0.23°. After 18 cycles the final 
displacements were 0.22° and 0.23°, the same as the horizontal and vertical step sizes.

Data were recorded from two experienced subjects, the author PMS, and VMR, 
the task being to follow the target visually, fixating it whilst it was stationary. The 
eyetracker was adjusted so that the sensors appeared to be equally disposed either side 

of the pupil of each eye with the lower part of the limbus illuminated, as in figure 5.2. 

The subjects consciously tried to maintain steady fixations and avoid blinking, except 
after an audible cue whilst the target was moving (during which, and for a short time 
afterward eye position was not recorded). No other attempt was made to remove or 
avoid contamination of the data by blinks or errors. The data files were transferred to an 
IBM PC/AT (running MSDOS 3.3) and analysed using two C programmes (Microsoft, 
version 5.1) and a spreadsheet (Borland's Quattro, version 1.0, 1987).

The first programme calculated mean horizontal and vertical eye position and 
standard deviations for each fixation in the arbitrary units used to represent the input 
voltages. For some fixations the standard deviations were large (100 or more units) but 
on inspection of the raw data this proved largely to be due to recording starting before 
steady fixation had been established, i.e including the end of a saccades. The standard 

deviation for a good fixation was about 15 units. Noise in the eyetracker and the 

analogue to digital converter in the BBC micro was believed to have contributed most 

of this variance.

A disappointingly large amount of cross talk between the horizontal and vertical 

axes was evident; when the target was displaced horizontally the vertical position 

should not have changed. Similarly when the target was displaced vertically the 

horizontal trace should not have moved. The cross talk was probably caused by a 
combination of factors; the subjects head not being held exactly vertical, the eyetracker 

axes not being parallel to the vertical and horizontal axes of the display monitor and 
intrinsic crosstalk in the eyetracking system. With more careful setting up the cross talk 
could probably be reduced but not eliminated. In theory a rotational correction could be 
applied if the axes remained orthogonal, but a more parsimonious solution would be to 

arrange for the task to elicit predominantly vertical or horizontal saccades.
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An appreciable amount of vertical drift was also evident, making measurement 
of absolute vertical position unreliable. Horizontal accuracy, however was good and the 
horizontal centring hardly changed. Vertical drift was most likely to have arisen from 
the type of head restraint used, but a more rigid fixing (e.g. using a bite-bar) would have 
been less acceptable to naive, untrained subjects.

The second C programme processed the output from the first, subtracting the 

previous centre position from the mean position for each target displacement, thus 
removing the effects of any change in absolute position. Where the target was displaced 
vertically the horizontal data were discarded and similarly the vertical data for 
horizontal displacements of the target. These results were transferred to the spreadsheet 
and sorted in order of increasing target displacement. Figure 11.4 shows typical mean 
horizontal and vertical fixation position vs target displacement (in pixels), having 

corrected for drift with the second C programme. It can be seen that the response was 
more or less linear. Linear regressions^(also plotted in figure 11.4) calculated with the 
spreadsheet fitted the data well (with R 2 of 95-97% except for PMS right eye 
horizontal). From the slope of the regressions it was possible to estimate the limiting 
resolution of the eyetracker and recording system using the figure of 15 units as the 
RMS noise in the system. For the horizontals the slope of the regression was between
1.04 and 1.19, therefore 15 units, the point at which a displacement would be 
indistinguishable from the background noise, represented 12.6 to 14.4 pixels. Similarly 
in the vertical direction, where the slope was between 3.5 and 9.3, a limiting resolution 
of between 4.2 and 1.6 pixels was indicated. In terms of visual angle, using the pixel 
dimensions given earlier, these correspond to a horizontal resolution of 0.3° or better 

and about 0 .2 ° vertically.

To investigate whether the eyetracker was capable of better resolution but was 

limited by noise arising in the BBC micro, the experiment was repeated for one of the 

subjects, recording the output voltages on a Devices Type 54 paper chart recorder. The 
fixations were shortened to 1 second, and only the horizontal displacements were used. 
The initial displacement of 105 pixels was reduced by the same amount per cycle as 

before with a final displacement of 5 pixels (11 cycles). From the chart recording, steps 

in response to target displacement could just be discerned at the smallest displacement, 
suggesting that the eyetracker could resolve horizontal movements down to about 0.15°.

The conclusions from these preliminary experiments were that the eyetracker 

had sufficient horizontal resolution if the noise level of the recording system was 
relatively low, and horizontal accuracy was good. Vertically accuracy was poor, but 
resolution was good. Over the range tested,linearity was good and it was assumed that 

this would extend (at least horizontally) a little further ̂ to the range required in 
experiments 3 and 4. The main drawback was the crosstalk between the horizontal and
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vertical axes, although worst affected was the vertical output when horizontal position 
changed. However this would not present a major problem if the task were devised to 
elicit predominantly horizontal, vertical or orthogonal saccades.
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Figure 11.4

11.1.2 Data Capture and Recording.

For experiments 3 and 49data from the eyetracker were recorded on the IBM 
PC/AT computer using a program written in Microsoft C (Version 5.1). An Intel iSBX
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311 analogue input module provided 16 channels of analogue input, each with 12 bit 
resolution and a conversion time of about 50|nS per channel. In this module the 16 

inputs were multiplexed via a common amplifier to a successive approximations A to D 

convertor. The gain and offset of the amplifier could be selected by hardware links, but 

could not be set separately for each channel. It was arranged that the input range was 4 
Volts; from -2 to +2 Volts. The noise level was considerably lower than in the 
preliminary experiments, having an RMS value of about 4 units. In conjunction with 12 
bit conversion (4096 discrete values each representing about lmV, or about 0.01°) this 
gave the recording system a resolution somewhat greater than the eyetracker.

Of the 16 channels, only 9 were used. Four connected to the eyetracker, 

recording left vertical, left horizontal, right vertical and right horizontal eye position. 
Four channels were connected to the user port of the BBC micro for communication 
between the main program on the BBC micro and the data logging program on the IBM. 
Although these were digital signals, connection via a suitable resistor network 
simplified interfacing and programming. An input of greater than +1V represented a 

digital 1, and less than IV a 0. One of these inputs was a flag to indicate when to start 
logging data, the second a flag to indicate whether the data were calibration or part of 
the task. The other two signals were a two bit binary code indicating which, if any, of 
the three buttons was being pressed by the subject. The final analogue input was 
connected to a signal generator producing a regular squarewave pulse. This was used as 
a strobe to indicate when to sample the inputs from the eyetracker, ensuring that 
samples were equally spaced and the interval between them known with some accuracy. 
Figure 11.5 shows a block diagram of the complete system.

The sampling rate was chosen by consideration of the expected size of the data 

files and the minimum rate required to test the hypothesis that display flicker leads to 

inaccurate saccades followed by small corrective saccades. Large data files can be very 

time consuming to analyse, but too low a sampling rate and the effect might be missed. 

From section 5.2,the very minimum time between corrective saccades is a little less than 

150msec but the smallest saccades which could be detected by the eyetracker (about 10 

minutes of arc) would have a duration of about 35msec. To detect these a minimum 

time between samples of half this period, 17.5msec, was required. Therefore a sampling 

rate of 80Hz was chosen, allowing for a modest amount of oversampling (see also 
appendix 3). In experiments 3 and 4 there was a time limit within which the subjects 
were required to complete a task (see below) and the maximum data file size was 
known in advance. Conveniently, all the data from one subject (2 files) could just be 

fitted onto one 1.44 Mbyte floppy disc.
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Figure 11.5
Block Diagram o f Apparatus used in Experiments 3 and 4.
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A sampling rate of 80Hz could easily be accommodated by the analogue input 
board; using nine channels with a conversion time of 50uS per channel, a maximum 
sampling rate of 2.2kHz was attainable. However a short C programme was written to 
investigate data transfer to hard disc or a RAM (random access memory). One output bit 
of the parallel printer port was used to indicate when a data transfer had been 

completed. The bit was set when reading from the analogue input and reset when the 
data had been written to disc. The four inputs from the eyetracker were stored as four 16 

bit numbers and the inputs from the BBC micro combined to form an 8 bit status byte. 
Thus there were 33 bytes of data for each sample; the strobe input was not recorded for 
obvious reasons. The "check" pulse generated at the printer port could be displayed on 
an oscilloscope and by comparison with the strobe pulse from the signal generator, the 
maximum sampling rate could be established.

Writing to either the hard disc or RAM disc the normal C file handling routines 
were unsatisfactory. Normally data are written to a file buffer and when the buffer is 
full, the whole contents are emptied to the disc. Whilst the buffer was being filled 
sampling was possible at up to about 1kHz, but the transfer of the data from buffer to 
disc took a relatively long time. Allowing for the longest buffer to disc transfer time, 
the maximum sampling rate would only have been about 40Hz. However by using low 
level, unbuffered disc access routines which wrote to the disc after every sample, a 
maximum sampling rate of 120Hz was possible using the RAM disc, and only slightly 
less for the hard disc.
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Chapter 12

12. Digital Signal Processing to Identify Saccades and Fixations.

For large amounts of eye movement data automated identification of saccades 
and fixations is very desirable. A number of workers have implemented schemes for 
automatic identification from digitised data, for instance by searching for the end points 
of saccades using velocity as the criterion {e.g. Frecker et al 1984). Others (Tole and 

Young 1981) have used direct convolution with a template mask. In the latter approach, 

the more similar a sequence of data to the template the larger will be the output. This 
can be considered either as template matching or equivalent to digital filtering with a 
finite impulse response (FIR) filter (see Gonzalez and Wintz 1977). This approach was 

followed here. In identifying saccades, the filter output was compared with a threshold 
value and if this was exceeded the point was taken to be part of a saccade. The passband 
characteristics of the filter had to be such that slow drift, changes in calibration (due to 

head movement) and high frequency noise were attenuated, but the frequency 
components characteristic of saccades were passed unchanged or amplified; a bandpass 
filter was therefore required. Appendix 3 describes the mathematical basis for 
implementing a digital FIR filter.

Completely automated analysis, particularly in real time, can be difficult, but for 

experiments 3 & 4, the nature of the tasks made automation somewhat easier. The 
recordings were not processed during the experiments and were unlikely to have 
contained the whole gamut of natural eye movements; smooth eye movements were 
largely absent and the limited resolution of the eye tracker for the most part excluded 
small movements made during fixation.

12.1 Implementation.

Processing was implemented in two Microsoft C computer programs. The first 

allowed editing of the raw data to remove blinks, erroneous data and subject errors. The 
second carried out the filtering. The results could be reviewed and saccade/fixation 

boundaries adjusted if necessary, or the filter parameter changed and the process 
repeated to obtain satisfactory results. A list of saccades sizes, fixation duration and 

position was then written to a file.

Both programmes were graphics based and displayed eye position as a 

horizontal trace similar to the way it would appear on a chart recorder. The top line of 

the display gave the functions available from that point in the programme. Some options 
required interaction through dialogue boxes drawn at a suitable position on the screen. 

In both programmes the display trace could be scaled horizontally {i.e. in time) and 

vertically (signal amplitude), with a default time axis of one sample per pixel. One
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screen therefore corresponded to about 8 seconds of continuous recording. The 

functions "next" and "previous" displayed respectively  the fo llow ing  and previous 8 

seconds o f record ing  (on the default time scale) and thus a llow ed the d isplay w indow  to 

be m oved backw ards and forw ards through a data file.

12.1.1 D ata Editing.

In the data  editing  program m e two horizontal traces w ere displayed on the 

screen. The upper trace indicated  vertical eye position  and the low er trace the horizontal 

position  o f the sam e eye. Looking upw ards and to the righ t corresponded  to an upwards 

d isp lacem ent o f the traces. B links o f the eye could  easily be identified  as large 

disturbances to both traces, usually an apparent excursion o f the eye up and to the right. 

It was possible to display left or right eye data but not to edit one independent o f the 

other. The status byte recorded with the eye position channels was represented by the 

co lour o f the trace (e.g. red equals no buttons pressed, m agenta equals left calibration 

poin t etc.)

COMMAND ♦ Copy Change Status Scale Xtract ftftinate Hext Undo Quit

Count :15458 Start 47 File < d : lenapic.bx

Figure 12.1 
Editing an Eye M ovement Recording

Figure 12.1 shows the screen w hilst editing  a section o f recording. Tw o cursors, 

draw n as arrow s on the low er trace indicate the section to be excised. The portion of the 

recording betw een the cursors was not actually deleted from  the data  file but the status 

for this section was set to zero. This indicated that it was not to be d isplayed and should 

be ignored by the subsequent saccade identification program m e. A lthough this m eant 

that the size of the data files was not reduced, edits could easily be reversed; excised
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portions could be reinstated, and artifacts caused by joining up sections of recordings 
which were not originally contiguous were avoided. When all the erroneous or 
otherwise unwanted recordings had been edited in this way the data were saved to a new 
file which could be reviewed and re-edited any number of times using the same 
programme.

Other features allowed the data delimited by the cursors to be written to a file, 
and to be animated, showing eye position as a small red cross at a point on the screen 

determined by the horizontal and vertical values, although it was not possible to play
back in real time (i.e. 80 samples a second). No attempt was made at this stage to use 

the calibration points; the display was scaled only so that the maximum and minimum 
possible values corresponded to the boundaries of the screen. When the cross moved the 
original grey background was replaced by black, and thus fixations appeared to eat 
holes into the background, and saccades cut a path through it. This proved useful in 

visualising the stability of fixation - unstable fixations made large holes -, the 
consistency of calibration, - the calibration points should have been in very much the 

same place before and after a task -, and to show the presence of blinks or lapses of 
attention as large excursions beyond the calibration points.

Finally, an undo option reversed any changes and returned the screen to the state 
it was in when that section of the recording was first loaded.

12.1.2 Identification of Saccades and Fixations.

The programme to identify saccades and fixations, displayed eye position data in 
very much the same way as the editing programme. First, an appropriate threshold for 

the output of the filter was calculated by reading the first five hundred data samples 

(whose status was not zero) and using either the first pair of calibration points, or the 

maximum and minimum values if no calibration points were found. The threshold was 

set to be 0 .2 ?  times this span, a value which worked well in practice with the default 
filter (see below). Since the filtering was a linear operation this was equivalent to 
normalising the data using the calibration points and using a fixed threshold, but 
involved less computation. The data were only normalised after the saccades and 

fixations had been identified when the results were output to a file.

After calculating a threshold, the programme displayed the default filter 

parameters and the threshold value. The filter was a FIR filter with an impulse response 
of five samples, the parameters being the impulse response coefficients h(n) (see 

appendix 3). The threshold value or filter parameters could be changed and the effect on 
the frequency response of the filter could be plotted on the screen. Only the horizontal 

component of the data from the left eye was used as data from the right eye for most 

subjects tended to be noisy. Since the tasks had been designed to elicit mostly horizontal
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saccades, the vertical com ponent was not used. F ilter ou tput was p lotted  as the upper 

trace on the screen, replacing the vertical position trace in the editing  program m e 

(figure  12.2). If  the filter output exceeded the threshold a vertical grey line was draw n 

on the screen through that point. Thus a saccade was indicated  by a grey vertical band 

on the screen. B efore  applying the filter to a particu lar data  poin t, the two points on 

e ith e r side w ere checked  to ensure that the filter was applicable. If  the status was not the 

sam e fo r all o f  these points then the filter could not be applied; the change o f status 

ind ica ted  that e ither the points w ere not part o f a continuous sequence, (e.g. at the start 

o f  a calib ration) o r that data had been edited out.

COMMAND m  Next l p d £  Remoue Scale Stats Undo Start Filter Quit

Count 13788 Start 614 Size 24 |File ,:-i d : ienapic,bx
I____________________________________________________________________________________________________________________________________________________________ — ---------------------------------------------------------------------------------------

Figure 12.2
Identifying Saccades in an Eye M ovement Recording.

The functions 'add' and 'rem ove' could be used with the cursor to add or rem ove 

the vertical grey lines, allow ing the bands to be trim m ed, or new  boundaries to be 

added. H ow ever if the filtering had failed to detect m ost of the saccades it was possible 

to use the 'filter' option to ad just the param eters and re-apply the filter.

A list o f saccades and fixations was w ritten to a file using the 'stats' option. 

F ixations were w ritten as m ean position , standard deviation and duration in eightieths of 

a second. Saccades were w ritten  as size, which was the d ifference betw een the m ean 

position  o f fixation at the start and finish o f the saccade, and the pooled  standard 

deviation o f these two fixations. The size o f the saccades and the position  o f fixations 

w ere norm alised using the m ost recen t set of calibration points such that the horizontal 

d istance betw een calibration points was 4095 units. A valid fixation was one bounded at

103



either end by a saccade (grey band on the screen) and where the status did not change 
during either saccade. Similarly a valid saccade linked two fixations of more then 3 

samples in duration and of the same status. Any other saccades or fixations were 
ignored.

12.1.2.1 Default Filter Parameters.

In section 12.0 it was suggested that the filter should be a bandpass filter, 
attenuating high and low frequencies to remove respectively high frequency noise and 
the DC component (absolute position). Appendix 3 describes how the filter can be 

realised, by convolution of the filter impulse response with the data, and that the 
impulse response can be obtained from the desired frequency response by taking the 
inverse Fourier transform. However there are other ways of estimating the filter 
parameters h(n), and in many case the inverse Fourier transform does not exist as the 

frequency response cannot be described analytically. For instance when the number of 
points in the impulse response is small, from some initial h(n) the forwards Fourier 
transform could be evaluated and the resulting frequency response, H(co) compared with 

the desired response. In some systematic way h(n) could be adjusted to reduce the 
difference (perhaps least squares) between H(co) and the required response (Oppenheim 

and Schafer 1975). A crude version of this approach was adopted to arrive at the default 
filter parameters.

Intuitively it can be seen that for the filter gain to be zero at low frequency or 
DC, where all the samples in the interval spanned by the impulse response are the same, 
the impulse response coefficients, h(n), should sum to zero. If the sign of two adjacent 

coefficients is different and the difference between them is large, they will contribute 
most to the filter output when the input is changing rapidly, i.e. at high frequency. 

However if the coefficients are separated by one which is zero they will contribute less 

at high frequencies; generally if the impulse response changes quickly the filter output 
will increase at higher frequencies, but less so if it changes slowly. Finally the 
alternative way of looking at this process, as template matching, implies that the 
impulse response should look like some feature of a saccade; e.g. profile of velocity or 

acceleration against time.

Using these heuristics an initial impulse response was estimated. The frequency 
response (the Fourier transform of the impulse response) was calculated using the filter 

menu of the identification programme. The filter was tested on a trial data file. In 

practice, the filter response was not very critical provided that the gain response was 
zero when the frequency was zero. Assuming that the smallest saccades which could be 

resolved by the eyetracker had a duration of about 30msec suggested that the filter 

should have a peak response around 16Hz. The initial impulse response was adjusted

104



empirically until such a frequency response was achieved and with the trial data file this 
was found to work well. The impulse, frequency gain and phase responses of this filter, 
which was used as the default, are shown in figure 12.3. It can be seen that, consistent 
with the idea of template matching, the impulse response looks approximately like the 

acceleration profile of a saccade (Tole & Young 1981), where the eye accelerates 
rapidly from rest, reaches a peak velocity and then returns to rest decelerating rapidly. 
In common with any FIR filter which is symmetrical in time (i.e. for any particular data 

point the convolution involves equally points which came both before and after the 
point in question) the phase is +n/2 until the gain response passes through zero, where 

the phase changes abruptly to -tc/2 (Rabiner & Gold 1975). Ideally, for an undistorted 

output the phase should be a linear function of frequency (which is always the case for 
FIR filters which use only data points prior to the point of application), but in this case 
was relatively unimportant as the filter was immediately followed by the highly 
nonlinear operation of thresholding.

Default Filter Characteristics

Gain G(w) 15

25

20

30

10

5

0   1 1—  ,  .

Phase t  2.5 
-  2
- 1.5
- 1

- -1
-  -1.5 
- -  -2

Phase Angle 
q (Radians)

-2.5
0 5 10 15 20 25 30 35

Frequency (Hz)

Impulse

10  T h(n)

-10 1

Figure 12.4
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C hapter 13

13. E xperim ent 3: Spot the Difference.

A nalogous to experim ent 1, subjects perform ed a visual search task in which it 

was in tended  that they w ould m ake predom inantly  horizontal saccades. M ovem ents of 

the eyes were reco rded  and analysed for differences betw een d isp lay  field  rates o f 50Hz 

and 100Hz.

13.1 Visual Search Task.

Five pairs o f line draw ings with eight m inor differences betw een the m em bers of 

each pair w ere adapted  from  a selection of puzzle m agazines. T he task of the subject 

was to spot these d ifferences. For the same reason as in experim ent 2 there w ere two 

parallel form s o f the task. Four pairs of pictures were used in the experim ent, two in 

each form , w ith a fifth as a practice. Som e of the originals w hich had m ore than 8 

differences w ere m odified  to rem ove the extra d ifferences (w ith Typex and black ink). 

The pairs w ere cropped  and scaled using a photocopier to be the sam e size, ( 1 10m m  by 

75m m  each draw ing) except for the practice pair which were slightly  larger and had a 

narrow er aspect ratio  (i.e. were taller and narrow er). As an exam ple, figure 13.1 shows 

one pair of draw ings (Spot the d ifferences for yourself!)

o o

Figure 13.1 
Typical Spot the Difference Task.

The pictures were photocopied onto acetate sheet and trim m ed so that the side- 

by-side pairs o f draw ings fitted  the w indow when the acetate was m ounted on the
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cardboard mask in front of the monitor. The acetate sheets were illuminated from 
behind by a plain white raster with a field rate of either 50Hz or 100Hz.

13.2 Viewing conditions.

The distance between the head restraint and the screen of the Manitron monitor 
was lm . The room lighting, as in previous experiments, was from tungsten filament 

lamps which could be dimmed. The ambient illuminance was about 150 Lux where the
subject was seated and at the monitor screen. Monitor luminance for the raster matched

2 2 closely the value used in experiment 1, 37 cd/m at 100Hz and 38cd/m at 50Hz.
However for the black parts of the picture the contrast came from the drawings on the
acetates rather than the display monitor. For the most part, the black lines in the
drawings were very fine (the main reason for using acetate sheet rather than pixels on

the screen) and therefore it was difficult to measure the luminance for these. Holding
the sheets up to the light the lines appeared very dark, suggesting the contrast was at
least as high as in the other experiments where contrast was generated by the monitor.

13.3 Subjects and Experimental Design.

Twelve subjects participated, 4 females and eight males between the ages of 19 
and 45 years, with a median age of 24.5 years. Three had participated in previous 
experiments. Of the rest, 5 were from the same categories of staff at Harwell used 
previously and the remaining four (all of the female subjects) were administrative 
workers.

The subjects were selected on the basis of a visual acuity of 6 /6  or better 
(measured with a Snellen chart) without spectacle or contact lens correction. 

Preliminary trials had showed that contact lenses interfered with the operation of the 

eyetracker and spectacles made operation and alignment more time consuming with 

possible discomfort to the subject.

The experimental design was similar to previous experiments, with the subjects 

divided into two groups each seeing both high and low field rates in two separate 

sessions. Half of the subjects saw the display at 50Hz in their first session and at 100Hz 
in their second. The rest saw 100Hz first and 50Hz second.

13.4 Procedure.

Before starting, the apparatus was explained, in particular the operation of the 
eyetracker and the need for the head restraint. The task was then explained; the subjects 

were instructed to find the differences between the two pictures using the strategy of
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inspecting a small area of one picture then the corresponding area of the other, until in 
turn all of the picture had been examined or all eight differences found. The subjects 
were shown a sample pair of pictures with an example of the kind of differences they 
would be looking for. Biographical data were entered via the program running on the 
IBM so that the data files could easily be identified later.

13.4.1 Alignment of the Eyetracker.

With the subject comfortably seated and the head restraint adjusted so that 
eyelevel corresponded to the centre of the screen, the eyetracker spectacles were fitted 
and adjusted. First, pivoted sidepieces attached near the end of the spectacle arms were 
adjusted to stabilise the spectacle frame on the subject's head. These gave additional 
support, contacting the head behind the ears, and helped to keep the frames level with 

respect to the plane of the subject's horizontal eye movements.

The position of the IR sensors was adjusted approximately so that by eye, their 
spacing matched the subjects inter-pupillary distance, the sensors were symmetrically 
disposed about each pupil and pointing slightly upwards towards the centre of the 
pupils. A video camera fitted with a Newvicon tube was set up on top of the Manitron 
monitor, looking towards the subject. The camera lens was chosen to give a close up of 
the subjects' eyes on a separate TV monitor. The sensitivity of a Newvicon camera tube 
extends to the infra red (Heimann 1985/6) and with the room lights dimmed it was 
possible to see the IR illumination from the eyetracker. Fine adjustments could be made 
until the limbus was illuminated as in figure 5.3, with a pool of light falling 
symmetrically either side of the pupil. The room lighting was then returned to its 
normal ambient (150 Lux) and the camera removed.

The centring of the eye tracker was set so that when the subject looked straight 
ahead the output voltages from the eyetracker were zero. A cross was drawn at the 

centre of the display screen and with the subject fixating the cross the eyetracker offset 
controls were adjusted, monitoring the output voltage on meters on the eyetracker and a 

display generated on the IBM PC.

The eyetracker gain was set to obtain the largest possible signal without the 
output saturating. To do this,the subject fixated a calibration cross illuminated in turn on 

each of the LED matrices to the left, right, top and bottom of the screen. The vertical 
gain was set using the top and bottom calibration points, the horizontal gain using left 

and right points so that the voltage between the calibration points corresponded to about 
80% of the full input range, allowing some room for drift or head movement. In 

practice, for most subjects the gain was turned up to maximum. From this operation it 

was also possible to gauge the amount of crosstalk between the vertical and horizontal 
axes of the eyetracker, and if necessary adjust the way the spectacle frames fitted the
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subject's head. Before starting the experiment the centring was re-checked and 
adjustments made as necessary.

13.4.2 Data Recording.

The first session of the experiment began with the practice task, which was 
omitted in the second session and from which no data were recorded. The drawing for 

the task was inserted in front of the monitor whilst the screen was blank. The task began 

with a calibration; a cross was illuminated on the left LED matrix, accompanied by a 
bleep; the subject fixated the cross and pressed any of the three buttons on the metal box 

to indicate that he or she was looking at the cross. Eye position was recorded for one 

second. A second beep indicated that recording was complete and the subject could 
relax. One second later a cross was illuminated at the right of the screen. Again the 
subject indicated he/she was fixating the cross by pressing one of the buttons and eye 
position was recorded. The sequence was completed by recording data in the same way 
for crosses at the top and at the bottom of the screen. The subject was instructed to try 
to avoid blinking whilst fixating the calibration points; blinks were to be made before 
pressing the button.

After calibration, the screen displayed a white raster which illuminated the task. 
The subject searched for differences between the two versions of the picture whilst the 
IBM PC recorded eye position. When a difference was found, the subject looked at the 
area in question first in the left picture and pressed the left button on the box. After one 
second a bleep from the computer indicated that the subject should look at the 
corresponding area of the right picture, pressing the right button on the box. After a 
further second another bleep indicated that the subject could continue with the task.

When all of the differences had been found, or a time of 150 seconds had 

elapsed the screen was blanked and another calibration taken, which allowed the 

position of the head to be compared before and after each task. The experimenter 

swapped the drawing for the next task and, after checking and adjusting as necessary the 
centring of the eyetracker, the sequence was repeated; calibration, task and calibration. 

When both tasks, or in session 1 the practice and both tasks, had been completed the 

eyetracker spectacles were removed and the subject allowed a short break before 

experiment 4.

Experiment 3 took about 25 minutes per session and yielded about 4 minutes of 
recording per subject.
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13.5 Results.

A short C programme extracted data for the two spot the difference tasks from 
the combined data file recorded during experiments 3 and 4, also the calibration data 
from before and after each task. The data were processed as described in chapter 12, and 

a list of saccades and fixations, correctly scaled from the calibration points, was 
extracted at both field rates for each subject. Editing the data and checking the filter 
output took some considerable time because of the large amount of data recorded. 
Further manipulation of the data was carried out mainly with Quattro although some 
spreadsheets were larger than this programme could handle. These were analysed using 
Microsoft Excel (spreadsheet, version 2.1). Statistical tests were performed with GLIM 

and MINITAB (version 5.1, 1986).

Four aspects of the data were examined, distribution of fixation durations, 
fixation stability, distribution of saccades sizes and the proportion of saccades 
undershooting and overshooting. The last three required that calibration was accurate 
and constant throughout the task. For the first the calibration was immaterial. For four 
of the subjects the calibration changed substantially somewhere between the first and 
second calibrations for one or other or both of the tasks. It was impossible to tell where 
the change had occurred or if it had occurred gradually throughout the task. These four 
subjects were excluded from the parts of the analysis which required the calibration to 
be known. By fortunate coincidence these subjects made up one complete replication of 
the experiment (two saw 50Hz first, each with a different form of the task; the other two 
both saw 100Hz first with complementary forms of the task) and their exclusion did not 
unbalance the experiment.

13.5.1 Distribution of Fixation Duration.

Although Wilkins experiment (1986) did not have any specific implications for 
fixation durations, work with lower frequency flicker, where subjects were simply 

required to fixate a flickering light source showed that intermittency could affect the 
time between eye movements, (e.g. West and Boyce 1968, Haddad and Winterson 

1975).

As described in section 5.1.1, fixation duration is not usually normally 
distributed but has a tail stretching out to long duration fixations. It is therefore not very 
useful to compare mean fixation duration using conventional parametric statistics (e.g. 
t-tests). However the reciprocal of duration may be normally distributed and therefore 

characterised by its mean and standard deviation (Carpenter 1981). This approach was 

tried but there were two problems. Firstly the distribution was still skewed towards
eightieths

shorter duration fixations. Secondly, quantising fixation duration in a ^  of a second
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meant that some equally spaced increments on the reciprocal scale could not contain any 

observations. For examplejfixations of duration 4, 5 or 6  A of a second would fall in 

the interval 10-20 sec  ̂ whereas there could be none in the equally sized interval 50-60 

sec as these would have a duration somewhere between 1 and 2  A of a second.

To circumvent these problems the following approach was adopted:- Fixation 
duration was divided into 10 bands, given in table 13.1. The number of fixations falling 
into each band at 50Hz and 100Hz field rate was counted, summing over all twelve 
subjects, and the total number of fixation* in each display condition normalised to 8000 

fixations. The data were then analysed as a contingency table (see appendix 1) using 
log-linear modelling with the statistical package GLIM. The question was whether the 

number of fixations in a particular band was contingent on field rate. As the number of 
fixations obviously depended on the band the question was answered by looking at the 
terms in the model representing the interaction between band and field rate; field rate 
alone had no effect as the number of fixations in each display condition had been 
normalised. The distribution of fixation duration at the two field rates is shown in figure
13.2

Band 1 2 3 4 5 6 7 8 9 10

Duration
(80th Sec)

<10 10-19 20-29 30-39 40-49 50-59 60-69 70-79 80-89 >90

Table 13.1
Bands o f fixation duration; experiment 3.

Table 13.2 gives the result of the contingency table analysis. The G statistic 

from the log-linear analysis was a measure of the goodness of fit of a particular model. 
For an interaction AG was the change in total G brought about by including that 

interaction in the model, i.e. a measure of the amount by which the model was 
improved by including the interaction. In the tables, for the row "none" AG was the

absolute value for the base model (i.e. with band and field included but no interactions).
o 2As G is distributed approximately as %z , changes in G were compared with the %

value, with appropriate degrees of freedom, to test the statistical significance of the part
2

of the model bringing about the change. Comparison of the absolute value of G with % 

gave an indication of the goodness of fit for that particular model. Here these two tests 
were identical as the one interaction, between bands and field rate, accounted for all the 
degrees of freedom not included in the base model. This is not generally the case where 
more interactions are possible (see later, in the analysis of experiment 4.)
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Distribution of Fixation Duration
(10 Bands)

3000 

2500 

2000
N orm alised  15Q0 

C ount
1000 
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0

10 20 30 40 50 60 70 80 90 >90 

D uration (1/80 sec)

Figure 13.2

Interaction AG dF

N one 98.60 9

F ield.B and 98.61 9

AG is change in G except for "None" where AG is value of G.

Table 13.2
Analysis o f  distribution o f  fixation duration; experiment 3.

2
The critical value o f % for statistical significance at 0.01%  level with 9 degrees 

o f freedom  is 33.72. T herefore the field rate had a highly significant effect on the 

d istribu tion  o f fixation duration. The effect is clearly  ev ident in figure 13.2 as a shift 

tow ards shorter duration fixations at 100Hz. The m edian fixation durations at 50H z and
. 'fcujht'ittVvS

100Hz were respectively  27.34 and 23.85 8& "\o f  a second (341.8 and 298.1m s).

T he analysis was repeated with fixation duration divided into only 4 bands. 

Essentially  the sam e results were obtained; the duration d istribution is show n in figure

13.3 w here clearly  there is a shift tow ards fixations of shorter duration at 100Hz. Again 

the resu lt was highly significant (AG = 88.03, d f = 3, p < 0 .0001), indicating that effect 

did not depend on the bands chosen.

■  50H z 

□  100Hz
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Distribution of Fixation Duration
(4 bands)
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Figure 13.3

13.5.2 Fixation stability.

In the output list from  the program m e identify ing saccades and fixations each 

fixation was represented by duration, m ean position and standard deviation o f the m ean 

in sam e units used for saccade size. The m ean was based on a num ber o f sam ples given 

by the duration as was the standard deviation, which therefore gave a m easure o f the 

stability  o f the d irection o f gaze during the fixation.

By pooling the variance (the square o f standard deviation) from  all the fixations 

in a particu lar category (e.g. 50H z display) and com paring the pooled variances across 

categories, the effect o f the experim ental variable could be exam ined. The pooled 

variances were arrived at by adding the sum of squares for each fixation about its m ean 

to obtain a total sum  of squares and dividing by the sum  o f fixation durations. 

D ifferences in pooled variance could be tested for statistical significance by com paring 

their ratio  with the appropriate  F d istribution (see appendix 1).

W hen pooled across field rate, the variances for 50H z and 100Hz were 1456.6 

and 1029.5 based respectively on 189103 and 184455 data points from  8 subjects, 

giv ing an F ratio o f 1.415. In m ost standard statistical tables F is not tabulated for 

m ore than a couple o f hundred degrees o f freedom  in m and n, and very large num bers 

cause an arithm etic overflow  in m ost PC based statistical packages. H ow ever w ith a 

very large num ber o f degrees o f freedom  the F ratio need only be very slightly d ifferen t 

from  1 to indicate a significant result; F tends tow ards 1 as m and n tend tow ards 

infinity. The critical value for F was calculated based on 100 tim es few er degrees of
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freedom - at the 0 .1 % level of statistical significance ^1891,1844 = 1-154 - and 

compared with the F ratio found here in what was therefore a very conservative test of 
statistical significance. The ratio easily exceeded this value and would also exceed the 
critical value for F based on the correct degrees of freedom. With some confidence it 
can be said that fixations with a 100Hz field rate display were more stable than those 
with the display at 50Hz.

13.5.3 Distribution of Saccade Size.

The distribution of saccade size was analysed in the same way as the distribution
of fixation duration. Saccade size was divided into a number of bands, and the number
of saccades falling into each band summed for the two field rates. These data were
analysed as a contingency table, again using log-linear modelling in GLIM. Two
different bandings were used. In the first, the bands were equally spaced, in the second 
the spacing was based on a log2  scale to expand the region of small saccades. Table

13.3 gives the bands used. In both cases negative numbers indicate saccades from left to 
right, positive from right to left. Small numbers indicate small saccades, larger numbers 
larger saccades (1° = 210 units). Figures 13.4 & 13.5 show these distributions.

Band Saccade Size 
_f.Linear Scale)

Saccade Size 
(Log 2  Scale)

1 < - 2 0 0 0 <-1600
2 - 2 0 0 0  to -1601 -1600 to -801

3 -1600 t o -1 2 0 1 -800 to -401
4 - 1 2 0 0  t o -801 -400 to -201

5 -800 to -401 - 2 0 0  to -1 0 1

6 -400 to -1 -100 t o -51

7 0 to 399 -50 to -1

8 400 to 799 0 to 49

9 800 to 1199 50 to 99

1 0 1200 to 1599 100 to 199

11 1600 to 2 0 0 0 200 to 399
1 2 > 2 0 0 0 400 to 799

13 — 800 to 1600

14 — > 1600

Table 13.3 
Bands fo r  saccade size.
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Distribution of Saccade Size in Experiment 3
(Linear Bands)
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Figure 13.4

Distribution o f  Saccade Size in E xperim ent 3 
(Log2 Bands)
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Figure 13.5

Table 13.4 gives the principal results o f the statistical analysis for the linear and
2

the log2 bands. Again the statistic G is com pared with % to test for statistical 

significance.
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Interaction AG Linear Bands dF AG Log2  Bands dF

None 42.42 11 78.3 13
Field. Band 42.41 11 78.3 13

AG is change in G except for "None" where AG is value of G.

Table 13.4
Analysis o f  distribution o f saccade sizes; experim ents

2
The appropriate % values for statistical significance at the 0.1% level are 31.26

and 34.53 for 11 and 13 degrees of freedom respectively. These were easily exceeded
by the values in table 13.4, indicating that there were statistically significant differences 
in distribution of saccades size between the two field rates for both linear and log2

bands. In figures 13.4 and 13.5 the distribution of saccade size had two distinct peaks
in each direction of saccade (positive abscissa for saccades from right to left, negative
for left to right). A pair of peaks for saccades sized between 800 and 1600 units

corresponded to saccades between the two drawings, left to right and right to left, and
were little different between the two field rates. The second pair at shorter saccade sizes
showed a clear shift towards subjects making more smaller saccades at 100Hz, Also the
peak is narrower at 100Hz indicating less variability in the length of these short
saccades. This size range would have included small saccades within a drawing as well 
as corrective saccades. These differences were apparent for both the linear and log2

bands and are discussed in more detail in chapter 15.

13.5.4 Overshoots and Undershoots.

The hypothesis was that at 50Hz a proportion of saccades would overshoot, 

possibly to be followed by corrective saccades. At 100Hz this effect would largely 

disappear. The proportion of saccades undershooting would be approximately the same 
at 50Hz and 100Hz. Evidence for this could be found in a change of the distribution of 
saccade sizes, as above, or seen directly by comparing the sizes of successive saccades.

Using Quattro, successive saccades were compared for each subject at 50Hz and 
100Hz. Firstly the size of each saccade was divided by that of the previous saccade. If 

the magnitude of the ratio was less than 0.15 the saccade was taken to be corrective. 

The sign of the ratio discriminated between overshoots and undershoots. If the sign was 

negative the sequence represented an overshoot; a saccade followed by a smaller 
saccade 15% or less of the size in the opposite direction. A positive ratio indicated a 
saccade immediately followed by a smaller saccade in the same direct; an undershoot. 

Figure 13.6 shows the proportion of saccades which fulfilled these criteria for each of 
the eight subjects for whom the saccade size data was believed to be reliable.
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Percentage o f  Saccades O vershooting and 
U ndershooting  (8 subjects)
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Figure 13.6

H ow ever there was no guarantee that successive saccades in the data list had 

actually  occurred im m ediately  after one another; there m ay have been an intervening 

piece o f recording, a blink or an error, which had been edited out, as the identification 

program m e extracted  only valid  saccades w ithout regard  to continuity . H ow ever this is 

not likely to have m ade very m uch difference if such discontinuities occurred at 

random . Som etim es a d iscontinuity  w ould have caused an undershoot or overshoot to be 

m issed; at other tim es it m ight have jux taposed  unrelated saccades so as to create an 

under or overshoot. O verall such occurrences were relatively  rare and will not have 

biased the data in any particu lar d irection if it were also assum ed that the rate of 

d iscontinuities was constant over field rate. N evertheless the precision o f any statistical 

test w ould be som ew hat im paired as the data had added to it an ex tra  elem ent of 

random ness.

In figure 13.6 there is no clear pattern to the proportion o f saccades overshooting 

and undershooting  at the tw o field rates. For som e subjects there were m ore overshoots 

at the low er field  rate, for others m ore at the higher. A series o f W ilcoxon tests were 

perform ed to check for statistical significance; w hether the fo llow ing  com binations had 

a m edian value o f 0:- a) D ifference betw een the percentage o f overshoots and 

undershoots for each subject at 100Hz, b) D ifference betw een percentage o f overshoots 

and undershoots at 50H z c) D ifference betw een the percentage overshoots at 50H z and 

100Hz, d) D ifference betw een the percentage undershoots at 50H z and 100Hz. Table

13.5 gives the results o f these tests, which were carried out using the statistical package 

M IN ITA B .

■  lOOHzOver 

□  100Hz Under 

I  50Hz Over

■  50Hz Under
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Difference Median W Statistic P

100Hz Over-Under -0.238 15.0 0.726
50Hz Over-Under -0.398 15.0 0.726
Over 100Hz-50Hz 0.813 23.0 0.529

Under 100Hz-50Hz 0.708 23.0 0.529

Table 13.5
Analysis o f  overshoots and undershoots; experim ents.

None of these tests gave a statistically significant result, indicating that the 
percentage of saccades overshooting and undershooting did not depend on field rate 
and the two populations did not differ from each other.
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Chapter 14

14. Experiment 4: Odd Word Out.

Experiment 4 was related to experiment 3 in the same way that experiment 2 
complemented experiment 1 , imposing more structure on the type of eye movements 
made by the subjects. Likewise in experiment 4 some comprehension of the test 
material was required; the task was less 'mechanical' than for experiments 1 and 3. 
However there was an additional factor, text contrast; i.e. black characters on a white 

background (positive contrast), or white characters on a black background (negative 

contrast).

Since sessions of this experiment followed directly from experiment 3, room 
lighting and viewing distance were the same. The luminance of white areas of the
screen was as before, but whereas previously the luminance of black areas could only be

2 2 estimated, it could now be measured. This was 2 cd/m for 50Hz and 1.5 cd/m at
100Hz, giving contrast ratios respectively of 18.5:1 and 24.7:1.

14.1 The Task.

Subjects were required to pick the odd word out from three 3, 5, or 7 letter 
words displayed horizontally across the screen. Whilst two of the words were either 
synonyms, belonged to the same easily identifiable class of objects (e.g vehicles or 
drinks), or were closely associated, the third word (the target word) differed in meaning 
or association. Subjects read the words on the screen and indicated the position of the 
target word by pressing one of three buttons corresponding to left, middle or right 

position on the screen. Subjects were also instructed to look at the first letter of the 

target word whilst the button was depressed.

In all there were twelve sets of words, four of each length. Two of each of these 

four were displayed as black characters on a white background, the other two as white 
on black. As in experiments 2 and 3 there were two forms of the task, although the same 

sets of words were used in both. The sets were displayed in a predetermined pseudo

random order, with a different order for the second form. In addition the position of the 

target word, left, middle or right, (chosen at random) was different for a given set 
between the two forms. Although subjects may have recognised the words in the second 
session, they would still have had to read all three of them to determine the position of 
the target word. Figure 14.1 shows the two forms of the task with the target word 

highlighted.
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Form A Form B
C abinet Salvage Recover Rum Egg Gin

M axim um Isotope Largest H exagon A irport O ctagon

H inge Input Pivot Cat Dog Owl

Gin Egg Rum Largest Isotope M axim um

K neecap G earbox Jaw bone Angry Irate Happy

H exagon O ctagon A irport Red One Tw o

O ne Tw o Red Salvage C abinet Recover

A ngry Happy Irate Input Pivot Hinge

Dog Owl Cat Leeds China Japan

Japan China Leeds Mud Car Van

Cloth Razor Knife Jaw bone K neecap Gearbox

Mud Car Van Cloth Razor Knife

Figure 14.1 
Two Forms o f the Odd-Word-Out Task.
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Figure 14.2 
Position o f Words on the Screen
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The words were displayed in lower case characters, apart from the initial capital 
letter. The characters were 8 by 8 pixels as in experiment 2. The position of the words 
on the screen is shown in figure 14.2.

14.2 Procedure and Data Recording.

The subjects had a short break (about 5 minutes) before starting experiment 4 , 
during which they were allowed to remove the eyetracker spectacles and withdraw their 
head from the restraint. On recommencing, the spectacles usually required no 

adjustment but the alignment was nevertheless checked with the video camera in the 

same way as at the beginning of experiment 3. Centring of the eyetracker output 
voltages was required and carried out in the same way as before.

During the break the procedure for experiment 4 was explained. First there was 
a practice sequence of three sets of words with a calibration between each set, but data 
from this sequence were discarded. The calibrations were the same as those in the 
earlier part of the session; i.e. a cross was illuminated on each of the LED matrices in 
turn. The subject fixated the cross and pressed a button to indicate he/she was doing so. 
Eye position was recorded for 1 second at each calibration position. As before, the 
subject was instructed to try to avoid blinking whilst fixating the calibration points.

When calibration was complete the monitor screen, which had been blanked, 
displayed the three words. The subject read these and picked the odd one out. He or she 
pressed the appropriate button to indicate the answer, whilst fixating the initial capital 
letter of the word. Eye position was recorded for 1 second, after which a beep indicated 
that recording was complete. Calibration was then repeated and the next set of words 

presented. After the practice sequence, twelve sets of words were presented alternately 
as black characters on a white background and white characters on black.

To complete this part of a session took about 5 minutes providing about 2.5 
minutes of eye position recording (including calibrations).

14.3 Results.

The data were analysed in very much the same way as experiment 3, using first 
a short C programme to extract the appropriate sections from the combined data file. 

The same four aspects of the data were examined using all 12 subjects throughout. Here 
the calibrations were much more frequent, before and after each set of words, and 
although calibration changed slightly between sets of words there was very much less 
scope for changes in calibration during the tasks; there were no major shifts for any of 

the subjects.
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In some ways the analysis was simpler because the datafiles were a more 
manageable size, but there was the additional experimental variable, contrast. For most 
of the analysis the data were divided up according to word length, 3, 5 or 7 letters. The 
results are set out in the following four sections and are discussed in detail along with 
the results of experiment 3 in the next chapter.

14.3.1 Distribution of Fixation Duration.

Tinker (1965) showed that in reading prose, median fixation duration depended 

on the difficulty of the text. The more difficult the text the longer the fixations. There 
may have been a similar effect here where one or other of the field rates made the task 

more "difficult". For the same reasons as in experiment 3, fixation duration was divided 
into a number of intervals and the number of fixations falling into each band was 
counted. However the bands used in experiment 3 proved not to be appropriate as here 
there were far fewer long fixations of greater than 30 8 0 ^  of a second. Instead^only 7 

bands were used. These are given in table 14.1. Rather than just two display conditions, 
50Hz and 100Hz, there were four - 50Hz black on white, 50Hz white on black, 100Hz 
black on white and 100Hz white on black - and the total number of fixation in each 
display condition was normalised to 100 fixations. As before, the data were analysed as 
a multiway contingency table using log-linear modelling in GLIM. There were three 
interactions of interest, between band and field rate, band and contrast, and band, field 
rate and contrast. The factors field rate and contrast by themselves had no effect as the 
number of fixations in each display condition was normalised.

B and 1 2 3 4 5 6 7

Duration (8 0 ^  Sec) <5 5-9 10-14 15-19 20-24 25-30 >30

Table 14.1 
Fixation duration bands; experiment 4.

Each word length 3, 5 and 7 letters, was analysed separately as it was expected a 
priori that there would be differences dependent on word length but these were not of 

primary interest. Figure 14.3 shows the distribution of fixation duration for the four 

display conditions, for 3, 5 and 7 letter words. Table 14.2 gives the principal results of 
the log-linear contingency analysis. The G statistic for each interaction is the change in 

total G brought about by including that interaction in the model. For the row "none" G 
is the absolute value for the base model (i.e.with band, field rate and contrast included

2
but no interactions). Changes in G were compared with the % value with appropriate

degrees of freedom to test for statistical significance. Comparison of the absolute value 
2

with x  gave an indication of the goodness of fit for a particular model.
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Distribution of Fixation Duration (7 Bands)
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Distribution of Fixation Duration (4 Bands)
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Interaction AG 

3 Letters

AG 

5 Letters

AG 

7 Letters
dF

None 15.20 5.87 8.83 19
Field.Band 6.72 3.93 3.69 6

ContrastBand 5.83 1.23 2.24 6

Field.Band.Contrast 2.65 0.71 2.91 6

AG is change in G except for "None" where AG is value of G.

Table 142
Analysis o f  distribution o f fixation duration; experiment 4.

2
The appropriate % values are 30.14 and 12.59 respectively for 19 and 6  degrees 

of freedom at the 5% level of statistical significance. In table 14.2 there were no 
statistically significant results as none of the AGs exceeded the critical values. For the

2
base model with no interactions,the value of G was not greater than % indicating that it 

was an adequately good fit without any of the interactions.

The analysis was repeated with fixation duration divided into only 4 bands and 
essentially the same results were obtained (figure 14.4).

14.3.2 Fixation stability.

When the total fixation variance was pooled across field rate, there were no
overall statistically significant differences between black on white or white on black,
combining the data from 3, 5 and 7 letter words, nor differences within each word

length. However when pooled over display contrast, there were statistically significant

differences between the two field rates. Overall the pooled variances for 50Hz and
100Hz were 887.45 and 1522.68 based on 17064 and 15928 data points, giving an F 
ratio of 1.72. As this exceeded the critical value of ^ 5 9 2 3  17064 ôr stat ŝt ĉa^

significance at the 1% level (F = 1.049), fixations with a display field rate of 50Hz were 

therefore more stable than those at a field rate of 100Hz by an amount unlikely to arise 

by chance.

Similarly, when divided into 3, 5 and 7 letter words the ratio of pooled variances

for 50Hz and 100Hz indicated statistically significant differences within each word
length. In each case 50Hz had the smaller variance. The F ratios were:- 1.200, 2.096, 
1.75 with respective critical values at the 1% level of:- ^ 4 4 4 4  4 3 3 ^=!-098,

^5646 6220= * anc* ^5838 6458=* '^ ^ '  These pooled variances for the 3 word

lengths at both field rates are shown in figure 14.5
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Fixation Stability at 50Hz and 100Hz.

H  50H z 3 letter 

d i  100Hz 3 letter 

I  50H z 5 letter 

■  100Hz 5 letter 

(S3 50H z 7 letter 

El! 1 OOHz 7 letter 

V iew ing condition

Figure 14.5

14.3.3 D istribution of Saccade Size.

The distribution of saccade size was analysed in the sam e way as in experim ent 

3; saccade size was divided into a num ber o f bands, and the num ber o f saccades falling 

into each band counted for each the view ing condition. These data were treated as 

m ultiw ay contingency tables, using G LIM , with 3, 5 and seven letter words treated 

separately. The sam e sets o f bands were used as in experim ent 3. Figures 14.6 and 14.7 

show the distributions for the three word lengths with each set o f bands.

Table 14.3 gives the principal results of the statistical analysis. The appropriate
2

X values for statistical significance at the 5% level are 19.68, 22.36, 48.60 and 55.76 

for 11, 13, 34 and 40 degrees o f freedom . N one of these were exceeded by values in 

table 14.3.3 indicating that were no statistically significant d ifferences in distribution of 

saccade size; field rate and display contrast had no m easurable effect. The value o f G 
2

com pared with the % value for the base m odel indicates that it is an adequately good fit 

w ithout including any of the interactions.

1 o uu

Pooled 1000
V ariance 800
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Distribution of Saccade Size, Experiment 4
(Linear Bands)
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Distribution of Saccade Size, Experiment 4
Log2 Bands

30.00

3 L etter W ords25.00

-U ■ -  ■
cd  c d  c d  cd
CD CD CD CD
— i CV2 'c f  CO

Saccade Size

30.00

5 Letter W ords25.00

15.00

Saccade Size

25.00

7 L etter W ords20.00

CD CD CD CD CD CD
CD CD CD CD CD CD
CO CO CO ^  CVJ
—* —1 I I I I

Saccade Size

Figure 14.7

■  50Hz B/W 

□  50Hz W/B

■  lOOHzB/W 

H  lOOHzW/B

128



Interaction A G A G A G dF
(Linear Bands) 3 Letters 5 Letters 7 Letters

None 25.91 14.26 27.50 34
FiekLBand 5.52 6.90 13.31 11

Contrast.Band 18.14 3.83 6.81 11

Field. ContrastBand 2.26 3.53 7.38 11

Interaction A G A G A G dF
(Log2  Bands) 3 Letters 5 Letters 7 Letters

None 33.04 2 0 .6 8 19.01 40
Field.Band 7.10 6.60 3.92 13

Contrast.Band 18.75 8.25 8.43 13
Field.Contrast.Band 7.19 5.83 6.64 13

AG is change in G except for "None" where AG is value of G.

Table 14.3
Analysis o f distribution o f saccade sizes; experiment 4.

14.3.4 Overshoots and Undershoots.

Successive saccades were compared for each subject. The criteria for detecting 
undershoots and overshoots were the same as in the previous experiment; magnitude of 
the ratio between successive saccades <0.15, with a positive value indicating an 

undershoot, a negative value an overshoot. The same caveat regarding breaks in 
recording applied. The data from 3, 5 and 7 letter words were not considered separately 

as relatively few overshoots and undershoots were recorded; the data would end up very 

thinly spread between so many divisions. Figure 14.8 shows the proportion of saccades 
overshooting and undershooting divided by field rate using data from all twelve 
subjects, and figure 14.9 the same data divided by contrast.

Wilcoxon tests were performed to check for any statistical significance. The 

analysis was essentially the same as before, but performed twice over, once for field 
rate and once for contrast. For field rate the differences:- a) between the percentage of 

overshoots and undershoots for each subject at 100Hz, b) between percentage of 

overshoots and undershoots at 50Hz c) between the percentage of overshoots at 50Hz 
and 100Hz, and d) between the percentage of undershoots at 50Hz and 100Hz, were 

tested for a median of 0. Tables 14.4 and 14.5 give these results.
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Percentage o f Saccades O vershooting  and 
U ndershooting  v.s. F ield Rate.
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I  50Hz Over
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Figure 14.8

Percentage o f Saccades O vershooting  and 
U ndershooting , B/W  v.s. W /B
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■ B/W Over
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■ W/B Over

■ W/B Under

Figure 14.9
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Difference Median W Statistic P

100Hz Over-Under -7.02 3.0 0.009
50Hz Over-Under -6.57 3.0 0.009
Over 100Hz-50Hz 0.56 44.0 0.35
Under 100Hz-50Hz 2.40 57.0 0.17

Table 14.4
Analysis o f  overshoots and undershoots by fie ld  rate.

In a similar way tests a, b, c and d were carried out for display contrast with 
black on white taking the part of 100Hz and white on black that of 50Hz. These results 
are given in table 14.5.

Difference Median W Statistic P

B/W Over-Under -6.70 2 .0 0.018
W/B Over-Under -4.56 4.0 0.007
Over B/W-W/B -0.29 34.0 0.724

Under B/W-W/B 1.45 50.0 0.410

B/W= Black characters on a white background.

W/B= White characters on a black background.

Table 14.5
Analysis o f overshoots and undershoots by display contrast.

In both views of the data, by field rate and by display contrast, the number of 

undershoots was significantly greater than the number of overshoots (first two rows of 

tables 14.4 and 14.5). Apart from white on black, where the difference was significant 

only at 2%, differences were significant at the 1% level. However the experimental 

variables field rate and display contrast had no effect on either the percentage of 
saccades overshooting or undershooting, and by implication the ratio between the two.
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Chapter 15

15. Discussion of Experiments 3 & 4.

To begin this chapter, the following is a summary of the results of experiments 3 
and 4. Where a difference is described as significant, it is meant that the difference was 
statistically significant at least at the 5% level. Most of the statistically significant 

results were significant at less than 1 % and therefore very unlikely to have occurred by 
chance.

In experiment 3 the distribution of fixation duration was significantly different 
between the two field rates, with a shift towards shorter duration fixations at 100Hz. 
However in experiment 4 no differences in distribution were found either between the 
two field rates or display contrasts.

For the second measure, fixation stability, significant differences were found in 

both experiments. In experiment 3 fixations were significantly more stable with a field 
rate of 100Hz than 50Hz. In experiment 4, the opposite was found; fixation were more 
stable at 50Hz than at 100Hz for both directions of display contrast and for all three 
word lengths. Display contrast had no effect on fixation stability.

The distribution of saccade size was significantly different between the two field 
rates in experiment 3 but not in experiment 4. The distribution in experiment 3 showed 
two peaks for saccades in each direction, one corresponding to saccades between the 
two drawings, the second to smaller saccades within a drawing and possibly corrective 
saccades. There was little difference for the larger saccades, but for small saccades the 
distribution at 100Hz was shifted towards even smaller saccades, with fewer falling 

between the two peaks.

Comparing saccade overshoots and undershoots, in experiment 3 corrective 

saccades following overshoots and undershoots occurred for the same proportion of 
saccades. The proportion did not depend on field rate. In experiment 4 undershoots 
occurred more frequently than overshoots, but the proportion of saccades overshooting 

and undershooting did not change with field rate or display contrast.

Overall the results present a rather confusing picture. The most contradictory 

findings were for fixation stability, where field rate had the opposite effect in 

experiments 3 and 4. These results were also statistically the most highly significant at 
very much less than 1 %.

In experiment 4 it is possible that fixation was more stable at 50Hz because the 
display was less sharp at the higher field rate; the point of fixation could drift further 
before there was any stimulus for the system controlling fixation to take corrective
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action. However from the measurements of monitor resolution described in chapter 10, 

the amount of defocus appears to have been so small as to make this unlikely. In 
experiment 3 the results could not have arisen from differences in resolution, as the 
pictures were not drawn directly on the screen.

It is possible, though by rather tortuous argument, that the presence of 
microsaccades during fixation explained the different effect of display field rate in 
experiments 3 and 4. Fixation standard deviations were very close to the limit of the 
eyetracker resolution, for example ±30 units, corresponding to +0.14° of visual angle at 

50Hz in experiment 4. Microsaccades during fixation would have been too small in 

amplitude to be picked out by the filtering. There is evidence that microsaccades do not 
occur in the fixational pauses made during reading, (and by implication in experiment 
4,) but under other conditions in laboratory experiments, when subjects are asked to 

fixate a point or a letter, microsaccades are made (Cunitz and Steinman 1969). These 
may be "scanning" or "searching" eye movements, just like normal saccades, and 
largely disappear if subjects are instructed to hold the direction of their gaze rather than 
fixate (see section 5). The instruction to fixate may imply "look for detail in the target", 
exactly analogous to the fixations in the spot the difference task. If flicker had had the 
hypothesised effect, enlarging even microsaccades at 50Hz, then the fixation variance 
would indeed be larger at 50Hz in experiment 3 but not 4. The fixation variances 
overall would not necessarily be very different between the two experiments 
(comparing the results in sections 13.5.2 and 14.3.2 they are not) as fixation stability is 
similar for fixations with and without microsaccades (Steinman, Skavenski and 
Sansbury 1969).

The reason why fixation appears to be more stable at 50Hz in experiment 4 

rather than no different remains obscure. However there is evidence that fixation 

stability (variance) is very easily influenced. Motivation and cognitive processes can 
have a large effect. For Snodderly and Kurtz (1985), fixation variance for one subject 
was reduced by a factor of about 4 when wagered a milkshake that he could not better 
that of one of the other subjects!

Fixation durations were generally much longer in experiment 3 than in 
experiment 4, where there were also fewer fixations recorded. It would not have been 

sensible to divide the fixation durations into the same bands. As the differences in 

experiment 4 did not depend on the bands used, it is unlikely that the same effect 

occurred in experiment 3 but was missed in the analysis. The effect of display flicker on 
fixation duration was therefore task dependent. With the spot the difference task, 

differences in duration distribution were found, but not those predicted by the 
hypothesis. If saccades with the 50Hz display had been enlarged and a proportion 
followed by corrective saccades, the duration distribution would have shown an
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increased number of short fixations, which were really the latent period between the 
saccades and corrective saccades. These would have occurred at 15-20 8 0 ^  of a second. 
Instead, the whole distribution is shifted towards shorter duration fixations, and at 
100Hz not 50Hz, the opposite of what was predicted. Even if the effect was related to 

that found by West and Boyce, rather than the control of saccades, by analogy the 50Hz 

distribution should still have shown a shift towards shorter fixations, with the 100Hz 
more akin to steady illumination. Intuitively, the distribution at 100Hz seems to 

represent a slightly improved performance, with fewer very long fixations. Possibly at 

50Hz the fixations were all slightly longer to compensate for impaired fixation stability. 
Whatever the significance of the change in fixation duration it was not as hypothesised.

The most acid test of the hypothesis was expected to be the analysis of saccade 

sizes and the direct comparison of overshoots and undershoots. In experiment 3 the 

pattern of saccades was different between 50Hz and 100Hz, but again not in the way 
predicted. According to the hypothesis there should have been more small (corrective 
saccades) at 50Hz, rather than the general shift observed at 100Hz of the peak 

corresponding to saccades within a drawing. Arguably, in both sets of bands the band 
containing saccades between the two drawings was too broad to show any evidence of 
overshoots but concomitant corrective saccades should have been apparent. That there 
were fewer saccades with sizes somewhere between the two peaks suggests however, 
that saccades size was less variable at 100Hz than 50Hz.

In experiment 4 it was hypothesised that when subjects made saccades between 
the words, these would be represented by a peak in the size distribution at some value 
corresponding to the distance between words. For the 3 letter words this would be a 

relatively sharp peak, but for 7 and to a lesser extent for 5 letter words slightly broader, 

reflecting an increased variability of the aiming point of the saccade within a word 

(McConkie, Kerr, Reddix and Zola 1988). Possibly this would be supplemented by a 
secondary peak where subjects made saccades within a word or corrective saccades. All 

this would be superimposed on a background of saccades of other sizes. If the 
hypothesis were true, at the lower field rate the main peak (particularly for the 3 letter 

words) would be broadened in the direction of larger saccades and there would be a 

increase in the number of small saccades in the opposite direction as the subject 

corrected for overshoots. No evidence supporting these effects was found for either 

direction of display contrast; display field rate apparently had no effect.

The comparison of saccade overshoots and undershoots indicated no difference 
due to field rate, although undershoots were far more common than overshoots in 

experiment 4. In experiment 3 they were equally common. This is the most direct 

evidence that the hypothesis was not supported. However in the analyses in chapters 13 

and 14 the number overshoots and undershoots may have been overestimated. In
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addition to including pairs of saccades which were separated by an edited out piece of 
recording (as explained in chapter 13) pairs separated simply by a long fixation will also 
have been included. These would not be real overshoots or undershoots, just random 

coincidences. In the analysis of experiment 4, where the fixations were shorter and 

saccades more stereotyped, these occurrences would have been much rarer and of less 

consequence. To assess the degree of overestimation in experiment 3, data files from 

two subjects who showed a large percentage of overshoots were analysed manually with 
the editing programme, counting the number of very small saccades which appeared to 
be corrective. No objective criteria for the size of these were used. Table 15.1 gives the 
results of this subsequent analysis.

Saccade Analysis Subject 2 Subject 5

50Hz 100Hz 50Hz 100Hz

Overshoots Auto 8.65 5.25 5.89 6.39
Manual 4.25 2.39 4.42 2.58

Ratio 2.05 2.19 1.33 2.48

Undershoots Auto 13.96 13.14 8.70 7.32
Manual 10.62 7.53 8.97 5.77
Ratio 1.31 1.75 0.97 1.27

Table 15.1
Percentage o f saccades overshooting and undershooting; 

manual and automated extraction.

For these two subjects the percentage of overshoots and undershoots was 

overestimated, but the error indicated by the ratio in table 15.1 was fairly consistent. 
The percentage of overshoots was exaggerated by a factor of about 2.5, and undershoots 
by about 1.3. Although this will have inflated the apparent gap between over and 
undershoots, there was no strong evidence that the comparisons between 50Hz and 

100Hz were biased. Although variability in the factor by which the percentages were 

overestimated will have weaken the statistical tests, it is unlikely to have influenced the 

conclusions.

Finally, the number of corrective saccades was very small (see figures 13.6, 14.8 
and 14.9). Where detecting the hypothetical effects of intermittent illumination relied on 
the occurrence of corrective saccades, evidence would have been very difficult to find. 

This may be the explanation for the distribution of fixation duration and saccades size; 

saccades at 50Hz tended to overshoot, but there were very few corrective saccades. In 

the absence of corrective saccades the distribution of saccade size shows not a shift at
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100Hz towards smaller saccades within a drawing, but a general enlargement of 50Hz 
saccades. It is plausible that the duration of subsequent fixations was extended to 
compensate for the positional inaccuracy, making relatively greater use of non-foveal 
vision. Fixation stability could have been slightly impaired by the same effect on 

microsaccades during fixation, as described above. Alternatively the lack of corrective 

saccades may itself be evidence that there was no disturbance to the initial saccades. In 
this case, alternative explanations would have to be found for the observed fixation 
durations, fixation stability and saccades sizes. The former is the more probable 
explanation, but either would imply that display flicker has little effect on a subject's 
reading rate or performance of some other visual search task. According to the 

hypothesis it would have been the corrective saccades and associated latent period 
which would have impaired performance, not the enlargement of saccades at 50Hz per 
se.
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Chapter 16

16. Conclusions.

Flicker is often seen in raster scanned CRT displays with fields rates in the range 
of 50Hz to 75Hz, which can sometimes make them uncomfortable to watch. In chapter 

4, based on a review of the factors which affect the perception of flicker, some guide

lines were suggested to minimise visibility of flicker. Briefly these were:-

• Use subdued room lighting, but this must be bright enough to carry out 
concurrent work such as reading from printed documents.

• Keep display luminance and contrast as low as possible.

Viewing distance and screen size should be arranged so that the display subtends 
a visual angle of 2 0 ° or less.

• Avoid displays in the field of peripheral vision; switch off such displays if they 
are not being used.

• Display black level should be correctly set - so that black parts of the picture 
really appear to be black rather than mid-grey - to reduce the overall display 
luminance.

However such conditions are very restrictive,^large bright screens are much 
preferred. Much of the recent development work on CRTs has been to this end. It is 
often unavoidable that displays will be seen with peripheral vision, for example where 
several displays are used at once, or the display is part of a bank of TV monitors. Then 
it is unlikely that even these viewing conditions will eliminate flicker. Interlace flicker 
is most disturbing at close viewing distances, but a viewing distance from which the 

picture line structure cannot be seen will reduce the problem.

Flicker can be reduced by increasing the persistence of the display phosphor, but 

this will only be effective with relatively large increases and blurring of moving 

pictures will inevitably occur. Digital scan conversion of conventional TV signals to a 

format with a higher field rate and without interlace immediately prior to display 
appears to be the best way of reducing flicker for TV applications. It has the advantage 

over systems which use a high scan rate throughout that conventional and compatible 
equipment can be used for the rest of the system. It is probable that such processing will 

be widely used even for domestic TV receivers within the next few years. However to 

be really effective the conversion has to be motion adaptive and at present reliable 
motion detection is fairly difficult. When equipment becomes commercially available 

the advantages of simply de-interlacing the picture should be evaluated fully.
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T h e  ex p erim en ta l w ork  lo o k ed  at w hether in te rm itten t illu m in a tio n  fro m  C R T  

d isp lay s  h ad  any  e ffec t on v isual pe rfo rm an ce  even  w hen no flick e r w as perceived . 

F ro m  the  lite ra tu re  there  w as som e ev idence  that the accu racy  o f  saccad ic  eye 

m o v em en ts  w ou ld  be a ffec ted  by d isp lay  fie ld  rate . A t lo w er fie ld  rates^ saccades w ou ld  

ten d  to o vershoo t, bu t a t h igher rates saccades w ould  be m ore  o r less accu ra te . T he  

h y p o th esis  w as th a t a p ro p o rtio n  o f the  saccades w hich  o v e rsh o t w o u ld  be fo llo w e d  by 

co rrec tiv e  saccades. T h e  n ecessity  o f  co rrec tive  saccades and  the  la te n t p e rio d  p reced in g  

th em  w o u ld  im p a ir  read in g  ra te  and  pe rfo rm an ce  in a d em an d in g  v isua l search  task. 

T h is  m ig h t exp la in  the com m on ly  rep o rted  find ing  th a t read in g  is slow er fro m  a 

co m p u te r  V D U  than  fro m  a p iece  o f  paper.

In  the  second  o f tw o experim en ts  on sub jec t p e rfo rm an ce , 110 d iffe ren ces  w ere 

fo u n d  in  rea d in g  ra te  o r com prehension  betw een  a d isp lay  w ith  a fie ld  ra te  o f  100H z 

an d  the  sam e d isp lay  at 50H z. In  the f irs t o f  these  experim en ts  th ree  f ie ld  ra tes  w ere  

used , 50H z, 80H z and  100H z fo r a  v isual search task . P e rfo rm an ce  at 50 H z  w as 

co m p ared  w ith  th a t at 80H z and at 100H z in tw o separate  com p ariso n s. N o d iffe rences 

w ere  fo u n d  betw een  50H z and  80H z, b u t a sm all d iffe ren ce  w as fo u n d  be tw een  100H z 

an d  50H z. H o w ev er a t 100H z perfo rm an ce  w as sligh tly  s low er than  at 5 0H z, the  

opposite  o f w hat w as expected . D ifferences in d isp lay  reso lu tion  at the  tw o fie ld  rates 

w ere  ex am in ed , bu t d ism issed  as the  exp lana tion , w hich  rem ain s  obscu re . In  p rac tica l 

te rm s the  d iffe ren ce  be tw een  50H z an d  100H z w as very  m uch  sm alle r th an  th a t be tw een  

the  tw o  50 H z  cond itions. T hese  shou ld  have been the sam e b u t a p rac tice  e ffec t 

p ro b ab ly  accoun ts  fo r  the  d iffe rence . T he 5 0H z-100H z d iffe ren ce  is th e re fo re  o f  little  

co n seq u en ce . T h e re  w as no ev id en ce  tha t subjects p re fe rre d  the  d isp lay  at the  h igher 

f ie ld  ra te  or c o u ld  te ll the  fie ld  ra tes  apart.

T w o  fu rth e r experim en ts  looked  at the eye m ovem en ts sub jec ts m ade w h ilst 

p e rfo rm in g  tasks s im ila r to those  in the f irs t tw o experim en ts . N o  m ajo r d iffe rences 

w ere  fo u n d  in the  pa tte rn  o f  eye  m ovem en ts fo r read in g  w ords fro m  the  screen , 

a lthough  fixa tions  w ere sligh tly  m ore  stab le at the  lo w er fie ld  ra te  (c f  H ad d ad  and  

W in  ter son 1975). I t  is n o t c lea r w hy this w as so. H o w ev er the  p a tte rn  o f  eye  m ovem en ts 

w as d iffe re n t be tw een  the  tw o fie ld  rates fo r a  v isual search  task; f in d in g  d iffe rences 

be tw een  tw o  cartoons p rin te d  side by side on a p iece  o f aceta te  sheet h e ld  in  fro n t o f  

the  screen . A lthough  changes in m on ito r reso lu tion  at the h ig h er fie ld  ra te  w ere  no t 

th o u g h t to be  a m ajo r in flu en ce , th is w as the only  exp erim en t in  w h ich  the  rep ro d u c tio n  

o f d e ta il in  th e  task  d id  n o t d ep en d  on the  reso lu tio n  o f the  C R T  d isp lay . T h e  changes in  

the  p a tte rn  o f eye m ovem en ts w ere  no t en tire ly  co n sis ten t w ith  the  hypo thesis; there  

w as no ev id en ce  fo r m any  sm all co rrec tiv e  saccades at the  lo w er fie ld  ra te , e ith e r fro m  

th e  d istr ib u tio n  o f saccade  size or fixa tion  duration . H o w ev er th ere  w as ev id en ce  th a t 

saccades w ere  genera lly  en la rg ed  at a  fie ld  ra te  at 50H z re la tiv e  to 100H z. F ixa tion  

du ra tio n s  fo llo w in g  these  saccades w ere sligh tly  leng thened , bu t acco rd in g  to  the
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hypothesis it was subsequent corrective saccades which would give rise to differences in 

performance. The absence of these probably explains the failure to find differences in 
performance in the first two experiments.

The conclusions from the experimental work are therefore that, at least for some 
tasks, intermittent illumination from a 50Hz field rate display produces enlarged 

saccades relative to the same display at 100Hz, but corrective saccades are not produced 
and there is no measurable effect on performance. It was hypothesised that differences 
due to field rate would be more apparent for reading, where saccades are more 
stereotyped, but instead differences were found only in visual search. For the 
applications of CRT displays described in the introduction, operator performance will 

not be measurably improved by changing to higher field rate displays.

The fact that 50Hz displays affect the pattern of eye movements at all may have 
implications for visual fatigue and long term user comfort. The evidence that the use of 
CRT displays precipitates these ailments is equivocal, but if they do this may be a 
plausible mechanism. From this point of view there may be an advantage in using 
displays with a higher field rate than is currently common practice.

Equally, it is possible that only some people are susceptible to the effects of 
intermittent display illumination (the perception of flicker, disruption of eye movements 
or both.) In these experiments data from individual subjects were not analysed in detail 
because for each subject effects due to field rate may have been confounded by session 
or practice effects. To resolve this a different experimental approach is required with 
several interleaved sessions at each field rate for each subject. Also, using trained and 
highly motivated subjects (for example the author!) may have provided "better" data, 
perhaps by using a bite-bar to stabilise the subjects head in the eye movement 
experiments. However such subjects are relatively rare and leave open the possibility 

that results are not applicable to the general population of CRT display users.

Establishing the significance of disturbed eye movements at 50Hz field rate for 

visual fatigue and long term viewing comfort, and investigating individual sensitivity to 

intermittent illumination are topics for further research.
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Book 2: Stereoscopic Television.

Chapter 17

17. Introduction.

For most people, seeing the world through two eyes gives rise to the perception 
of depth. Images from two slightly different points of view are combined by the brain to 

give the impression of a world made up of solid three dimensional objects at different 
distances away. Other cues influence the perception of depth; most of us can make sense 
of the essentially two dimensional information in a photograph or drawing, and many 
people lead perfectly normal lives with only one functional eye, but the influence of 
binocular (or two eyed) vision is extremely powerful.

The realisation that the illusion of viewing a three dimensional (or 3D) scene 
could be recreated by presenting each eye separately with a drawing, photograph or TV 
picture taken from a slightly different point of view is not new. The invention of this 
illusion, stereoscopy, is generally attributed to Sir Charles Wheatstone in 1838, about 
the same time as Fox-Talbot, Daguerre and others were developing their photographic 
processes. The combination of photography and stereoscopy was a natural development, 
and for several decades the stereoscope with photographically produced stereo views 
enjoyed popularity in many Victorian homes. Stereoscopic photography has been 
developed to a high degree and has many applications other than for entertainment. One 
classic example is the use of stereoscopic aerial photographs for breaking camouflage. 

Similarly, stereoscopic devices quickly followed the invention of the movie camera; 
Friese-Greene is usually credited with the first stereoscopic motion picture camera in 
1889 (see Lipton 1982 for a brief history of the stereoscopic cinema). Stereoscopic 
cinema has enjoyed several periods of popularity with a notable boom in the 1950s. 
Films from this era are still shown quite often in specialist cinemas (e.g. The Museum 

of the Moving Image in London), but some are truly awful both for their story line and 

stereoscopy.

In the same way that stereoscopic photography followed the invention of the 

photograph and stereoscopic cinema the movie camera, stereoscopic television (or 3D 

TV) has been around virtually as long as television; John Logie Baird was already 
experimenting with 3D TV in the 1930s (see Herbert 1990). However the technology to 

produce high quality 3D TV images has become available only recently. For broadcast 

and entertainment use, transmission bandwidth and display cost have always been 

problematic for full colour, high resolution displays. Current research in Europe is
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aimed at transmitting 3D TV within single High Definition TV (HDTV) Channel 

(COST 230 project, Sand 1991). With the increasing availability of satellite and cable 
TV channels and eventually low cost flat panel (non CRT) display these problems may 
be eliminated, but the need to wear special glasses may still be an inconvenience.

There has also been a resurgence of interest in closed circuit stereoscopic 
television for industrial and scientific applications. Information about how far objects 
are away from the camera and a real sense of depth can be conveyed to the user in a 

natural way. This book is about the use of stereoscopic television for inspection or to 

provide visual feedback for operations which have to be controlled from a distance. 

Limited space or hazardous environmental conditions are the usual reasons for 
operating in this way. The hypothesised advantages of 3D TV include faster and more 
accurate performance of complex remote operations, recognition or identification of 
unfamiliar objects, distinguishing cracks from surface deposits, improved viewing under 
conditions of degraded visibility (e.g. under turbid water) and the ability to follow 

complex paths or make ballistic movements with a remotely controlled manipulator.

Stereoscopic television has been developed at UKAEA Harwell Laboratory for a 
number of years based to some extent on the principles of the stereoscopic cinema in the 
nineteen fifties. The emphasis has been primarily to produce a viewing system which 
was easy to use and comfortable to watch, equipment which would make remote 
operations very much easier and perhaps make routine, tasks previously considered 
impossible. The main applications were envisaged to be in the nuclear industry, for in
reactor repair, on semi-autonomous robots, for pipe inspection, and in decommissioning 
redundant plant, although little imagination is required to see many applications in other 
fields, e.g. keyhole surgery, bomb disposal, space exploration and drain inspection.

In the next chapter the depth cues used by the human visual system, the role of 

stereopsis and the way in which these cues are modified by television viewing are 
discussed. Chapter 19 outlines the principles of 3D TV and the factors which influence 
whether 3D TV pictures are comfortable to watch. This is followed by a description of 

some of the stereoscopic TV systems built at Harwell, in particular, the camera used for 

the experimental work in this study. A number of alternative display methods are also 

reviewed, including the preferred method of using polarised light to ensure that the left 
eye sees only the picture intended for that eye, and similarly for the right eye.

Almost 30 years since the first published laboratory studies, there appears to be 
no definitive answer to the question of how useful 3D TV is for remote operations? 

Chapter 20 reviews some previous evaluations, most of which are unsatisfactory for 
reasons which will be discussed; either an inferior 3D TV system had been used, or the 
studies set out to prove something which was intuitively obvious, using tasks which 
were designed largely to be impossible without 3D. This provided the starting point for
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the experimental work described in chapters 21 and 22. Two new evaluations, using the 

stereoscopic TV system described in chapter 19, were carried out. Both were based on 
real tasks in the nuclear industry which would otherwise be performed without the 
benefits (sic) of 3D TV. Not all of the supposed advantages of 3D TV were examined, 
but the two experiments were complementary in that the first looked primarily at speed 
of performance, whilst in the second the emphasis was on accuracy. Finally, chapter 23 
draws together some conclusions about 3D TV for remote operations.

In this and the following chapters the terms "stereoscopic TV" and "3D TV" are 

used synonymously. "Stereoscopic TV" or "stereoscopic viewing" refer strictly to the 
situation where each eye is presented with a slightly different view and thus the 
mechanisms of stereopsis are invoked. Other authors (e.g. Valyus 1966), however, use 

the term "stereoscopic" more loosely to describe any view where depth cues combine to 
give a particularly strong impression of depth, regardless of whether each eye sees a 

different view.
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Chapter 18

18. Distance Cues and Stereopsis in Human Vision.

The following describes the main depth cues in human vision which provide a 

compelling subjective impression of three dimensional space. The way in which these 

are modified by using 3D or normal 2D television is also described. Note that stereopsis 
is the only depth cue which requires two eyes, or binocular vision. Although 
convergence of the eyes plays a part in depth perception it is not by itself a very strong 

or accurate cue to depth (Tyler 1983). Continuously changing vergence does not in 
itself give rise to a sense of motion in depth (Collewijn, Erkelens and Regan 1985).

In combination, there is some evidence (e.g. Wickens 1990) that the main cues 

contribute to the perception of depth in a linear, additive way, with heavy weighting 
given to stereopsis and motion parallax, i.e. stereopsis and motion parallax are usually 

the most important cues. However stereoscopic information is sometimes rejected when 

the resulting perception would be sufficiently bizarre. A well known example 
(illustrated in Gregory 1970) is the inside of a mask, or cast of the human face. 
Although stereoscopic cues project this correctly, the mask is seen as a normal human 
face; inside-out faces are too unlikely a perception.

18.1. Occlusion.

The way in which some objects 
obscure others gives a strong 
impression of depth. Objects close 
by hide from view those further 

away. From a glance at figure 18.1 
it is clear that some circles are in 

front of others, and that the tree is 
in front of the house. The depth 
information conveyed by 
occlusion is completely preserved 

by both 2D and 3D television, film 
and photography.

As a sweeping generalisation, objects subtending a larger retinal image tend to 

be nearer to the eye. For objects which are recognised and whose actual sizes are

Figure 18.1 
Illustration o f Occlusion

18.2. Apparent Size and Perspective Cues.

143



know n, relative im age size can be a good cue to distance; objects appear to get sm aller 

as they recede from  view. If the im age o f a chair appears to be small relative to som e 

"reference", say a table, then the tendency in the absence o f cues to the contrary is to 

perceive a chair som e distance away rather than ju st a small chair. F igure 18.2 shows a 

further illustration. The two houses are draw n exactly the sam e size and with the sam e 

perspective. The only d ifference is 

the num ber and size o f windows.

The num ber o f w indow s indicates 

the num ber o f floors, and since from  

prior experience four storey houses 

are know n to be larger than two 

storey ones, the house with m ore 

floors appears to be further away.

H ow ever this is not alw ays true. For 

a range o f distances, the perceived 

size o f an object does not change 

very m uch as the object is brought up close even though the visual angle subtended 

changes; a size constancy operates. A hand held out at arm s length looks about the same 

size as a hand view ed from  half the distance provided that they do not overlap. W hen 

the view  of one hand occludes the other the hand furthest aw ay suddenly appears to be 

m uch sm aller. The relationship betw een relative size and distance requires prior 

know ledge o f what we are looking at and is influenced by the way in which we are used 

to seeing it. Size cues are generally preserved by any television system , although for 3D 

TV the relative sizes or at least apparent shapes of objects m ay be distorted  (see later).

Im plicit know ledge of the rules o f perspective geom etry, d iscovered by the

R enaissance painters long before psychologists, also plays a role in depth perception.

Just as objects appear to get sm aller as they recede in depth, parallel lines appear to

converge tow ards a "vanishing point" at som e great distance. A strong sensation of

depth can be created sim ply by a pair of converging straight lines (consider looking

along a long straight stretch o f railw ay track, or the "road" in figure 18.2). Even in a

very abstract form , the lines give the im pression o f depth. S trictly speaking, perspective

cues exist only in 2D m edia; in 2D television, photography, film  and art. L inear

perspective arises from  the projection of solid three dim ensional objects in the real

w orld onto a two dim ensional plane. Certain configurations o f lines on the paper or TV

screen arising from  this process give a strong im pression o f depth. These are perspective
/c rw r f

cues, as in the exam ple o f a pair o f converging lines. The retinal image^whilst looking at 

a photograph will only be the sam e as the retinal im age for the real scene at one view ing 

distance, with the eye at the centre of projection used for taking the photograph (Pirenne 

1975). To place the eye at the centre o f projection the proper view ing distance is given 

by M .f  where M is the m agnification betw een the cam era negative and the print and /

E □
□ □

Figure 18.2 
Relative Size Depth Cues

144



the focal length of the camera lens. Nevertheless perspective cues still give a strong 
impression of depth at other viewing distances. This is well illustrated in the etching of 
Escher (eg Escher 1967) where perspective cues give depth to impossible objects and 
views, which are seen as three dimensional even though there could be no 

corresponding retinal image! Gregory suggests (1979) that like a languagei the 
interpretation of perspective cues is learned and to some extent culturally defined.

Perspective cues are obviously transmitted by television, but using TV systems 

for remote operations it is extremely unlikely that the eye will be at the centre of 
projection. Zoom lenses and long focal length lenses are often used to get a close up 

view from a fixed camera position. The whole point is to enlarge some detail in the 
scene. If the observer viewed the screen from the correct viewing distance, from the 
centre of projection, the detail in question would subtend the same visual angle as 

before and nothing would have been gained. Instead, the observer remains at the same 
viewing distance and the effect is the well known foreshortening of perspective with 
increasing focal length of the camera lens (see Pirenne 1970). With longer lenses 
objects appear closer together. With 3D TV it is possible in principle to generate an 
image with a depth magnification commensurate with the magnification in width and 
hence avoid this distortion.

Some authors have attempted to examine the relationship between
configurations of lines which are strong perspective cues in 2D and the cues provided
by stereopsis. Does the 2D "meaning" of the configuration overrule stereopsis, as for
inside-out faces, or is the perception of a somewhat bizarrely shaped object at a depth
determined by the stereoscopic cues? Stevens and Brookes (1988) presented subjects
with figures in which stereoscopic cues conflicted with perspective cues and found that

the latter predominated for planar surfaces. (It is possible that their stereoscopic images 
° /were poor quality because they were generated simply by rotating the object about its 
A

axis. This can result in unwanted vertical displacements for some parts of the picture. 
Instead the stereoscopic views should be generated by translation of the viewpoint in 
addition to rotation -Tessman 1990). For example, a series of concentric circles of 
decreasing size drawn in a single plane gives a strong impression of looking down a 

tunnel. If the plane of the circles were slanted by 60° the result would be a series of 

ellipses. When viewed stereoscopically the perspective impression of looking down a 

tunnel does not disappear, even though the stereoscopic cues dictate that it is really a 
series of coplanar circles viewed from an angle. Whilst Stevens and Brookes looked at 
spatial judgements, Kim et al (1987) compared operator performance tracking a target 
in 3 dimensions on a computer graphics display. With stereoscopic presentation 
performance was generally superior, but with optimal (sic) perspective projection and 

enhancements such as reference lines and a background grid, monoscopic performance 
became almost as good.
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It may be argued that such figures, or graphics displays are far removed from 
real scenes which are richer in other cues and make ambiguous interpretation unlikely. 
However the Ames room (Ittelson 1952) is a disconcerting demonstration that this is not 
always so. This is a specially constructed room which appears from one critical 
viewpoint to be a normal room, but in reality is far from rectangular in shape. The 
angle, shape and decor of the walls and floor are designed so that the room gives the 
same retinal image (or photograph) as a rectangular room when viewed from the critical 

viewpoint; the perspective cues indicate that it is a normal room. If two people of the 
same height stand in opposite comers of the room one is actually very much further 
away than the other and surprisingly appears to be appreciably smaller, rather than 
simply at a greater distance. Other depth cues are overridden, despite prior knowledge 
about how tall the people are. The illusion is compelling even when the shape of the 
room is known.

18.3. Lighting and Shadows

Lighting and shadow cues have long been exploited by cinematographers and 
television directors to give an impression of depth. The size and shape of the shadow 
cast by an object depends on the direction of the incident light. The contrast or depth of 
shadow depends on the light source; a "hard" or point source of light casts sharp, high 
contrast shadows, an extended or "soft" source softer more diffuse shadows and subtle 
graduations of light and shade. In practice, for film and television lighting, and usually 
for remote viewing a combination of light sources is used. A hard key source is used to 
generate deep shadows which give a strong impression of depth and a softer source 
from a different direction partially fills in the shadows. This prevents too much detail, 

which would otherwise be masked by shadow, being lost to the recording or 

transmission medium. The way in which the shadow of one object falls on another gives 
a clear indication of relative depth in the same way as occlusion. In grasping an object 
with a remotely controlled manipulator the shadow of the manipulator falls closer and 

closer and finally occludes the object as it is approached.

Shadow cues are reproduced by television, 2D and 3D, although the dynamic 

range of the TV systems is generally rather limited; fill lighting is important if detail is 
not to be lost in the shadows. Furthermore, for shadow cues to be unambiguous key 
lighting should be predominantly from one direction only and the direction must be 

known. The direction is often obvious from the shadows themselves, but sometimes 
depth perception is considerably influenced by an implicit assumption that the light 

source is above the horizon. When the direction of lighting is changed, but this 

assumption is still tenable^the representation of an object may be interpreted quite 
incorrectly. For example a photograph of a volcanic crater with strong lighting from 
above (e.g. Richards 1975 p379.) appears to be that of a cone or hillock when the
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photograph is turned upside down. Numerous other examples can be found where this 
effect is used deliberately for dramatic effect, for instance the human face illuminated 
from below looks eerie and unnatural -a common horror film cliche!

18.4. Motion Parallax.

AD

Figure 18.3 
Geometrical Basis o f Motion Parallax

Looking out of the window of a moving 

car or train nearby objects appear to 
move past the window more quickly 
than a distant landscape. This is motion 

parallax; the rate at which objects 
appear to move depends on their 
distance away. The movement may be 
either of the scene or the observer, or 

due to small movements of the head. 
The geometric basis for the cue is 
straightforward and essentially the same 
as for the retinal disparities (see next 
section) which give rise to stereopsis. In 
figure 18.3 if the observer moves 
laterally a small distance L  whilst 
fixating a point P at a distance D, points

N  and F  lying +.AD in front of and behind P will sweep through an angle 0 given by:-

AD
0  = L.

D 2
(18.1)

Using television systems to view a remote scene some of the motion parallax 
cues are lost. With 2D television, movements of the head in front of the monitor screen 
obviously have no effect, unless the camera is made to track head movement. There 

have been numerous attempts at head coupled displays (probably largely after Goertz et 
al 1965 ), but care must be taken if the aim is not to induce nausea in the wearer (e.g. 
Bolas and Fisher 1990; control of pan, tilt and roll axes is required). As well as being 

impractical for everyday use, such systems do not usually track translations of the head, 

only rotation, and so in any case do not reproduce motion parallax properly. Generally 

the only motion parallax cues preserved are those due to movement in the televised 
scene.

With 3D television there is a sort of motion parallax when the head is moved in 

front of the screen. Objects appear to move relative to one another in a way related to 

their distance away, but the motion is in the opposite direction to that expected. With
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direct v iew ing an object appears to m ove to the right when the head is m oved to the left 

or vice-versa when the head is m oved to the right. W ith stereoscopic view ing the 

apparent m otion is in the same direction as the head; a spear which appears to point 

d irectly  out of the screen at the view er still points at him  or her when he or she ducks to 

one side to avoid it; the finger alw ays points at you! (K lein & D ultz 1990). For m ost 

people the sensation is som ew hat novel but not unpleasant, repperj Cote and Spain 

(1983) investigated w hether this could be used as a cue in m uch the sam e way as real 

m otion parallax, but found that depth resolution was neither im paired nor enhanced 

relative to using stereoscopic view ing with the head held still.

In the sam e way that linear perspective changes with focal length of the cam era 

lens, m otion parallax depends on the cam era angle of view. W ith long focal length 

lenses m otion parallax will be reduced, and vice versa for w ide angle lenses.

18.5. Stereopsis.

Stereopsis enables the perceptual construction o f a three dim ensional world from  

two slightly d ifferen t points o f view provided by the left and right eyes. H aving two 

eyes does not m ean that we see double, but generally the two view s are reconciled and 

"cyclopean" perception results. In extrem e cases fusion does break dow n and double 

vision (diplopia) results, but we are usually unaw are of this failing. H ow ever diplopia 

can easily be dem onstrated by looking out o f a w indow  w hilst holding a finger in front 

o f the face. Looking at the finger, the background appeal's to be double; look at the 

background and the finger appears double. Stereopsis largely only provides inform ation 

about the spatial relationships betw een objects, i.e. their relative depths, rather than an 

absolute m easure o f distance. To achieve the latter, the convergence angle of the eyes 

would have to be know n with some accuracy and it seem s unlikely from  the outset that 

proprioception from  stretch receptors in m uscles o f the eye could provide this 

inform ation.

As with m otion perception, the geom etrical basis o f stereopsis is 

straightforw ard. C onsider the points A, B and C in figure 18.4. If the eyes converge on 

point B, the im ages of B fall on equivalent or corresponding points on the two retinae. 

These are the sam e distance away from  som e reference point in each eye, for exam ple 

the centre o f the fovea. The im ages o f A and C do not fall on corresponding points 

because C is closer than B and A is further away. Instead, the im age of the point C falls 

to the right of the im age of B in the right eye and to the left o f it in the left eye. 

S im ilarly ,the im age o f A falls to the left of B in the right eye and to the right o f B in the 

left eye.
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A
Image on 
Left Retina

d
Image on 

g  Right Retina

deom etrical 
Horopter

Figure 18.4 
Geometrical Basis o f Stereopsis

The difference in depth between points A, B and C gives rise to a binocular 

parallax, and the images o f A and C do not fall on corresponding, but disparate points. 

From  geom etrical considerations the angular disparity betw een the points B and C is 

given by:-

Tan(Q)

V //// e  the cel'ndl c lsp v n ljj  f  a/>t/ c I  he p s  rpe* cicala r  c / $ i a s  
oj- S  ectj C I  rew'the  ///v- j e t  nu t^  i/v  r/cclaI pcftf A  e j tin? 
and e the in terocular separation (average value betw een 52m m  and 74m m ).

Retinal disparity for objects closer than the point o f fixation is said to be 

crossed. For objects beyond the point o f fixation disparity  is uncrossed. There is some 

support for the idea that crossed and uncrossed disparities are processed separately by 

the visual system ; for exam ple, M anning et al (1987) found that crossed disparities were 

processed m arkedly faster than uncrossed disparities. Neill et al (1988) show ed that the 

detection o f crossed disparities was m ore robust under degraded view ing conditions 

(defocus). There is also evidence that disparity  is processed independently  at d ifferent 

spatial frequencies {e.g. H eckm an and Schor 1989).

For a given convergence angle of the eyes,the locus o f a point which form s an 

im age at corresponding points on the two retinae is known as the horopter. G enerally 

this takes the form  of a circle  passing through the nodal points of each eye, but the form
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changes with elevation above and below the horizontal plane. The three dimensional 
form of the horopter is sometimes known as the Vieth-Mueller horopter. Empirical 
measurements by Panum suggested that points in a zone either side of the horopter were 

seen singly rather than as double images if their retinal disparities did not exceed about
0.25°. Hence the term Panums fusional area is sometimes used to describe this zone 
around the horopter (see Ogle 1962). Note that Panums fusional area exists only as a 
statistical entity and is not an anatomical feature.

Johannes Kepler is often credited with first formalising the geometry of 
binocular parallax (e.g. see Lipton 1982). Based on an idea inherited from the ancient 

Greeks, that a scene is actively scanned by "mental rays" emanating from the eyes, 

Kepler proposed his projection theory of stereopsis. As rays emanated from the nodal 
points of each eye, they crossed to form a grid, as in figure 18.5. If each intersection 
stimulated a different neurone in the brain, the distance of any object could be read off 
from the grid in terms of its angular position in each eye, i.e. stereopsis was mediated 

by disparity detectors. Although the idea of mental rays is no longer tenable, this line of 
reasoning has enjoyed considerable influence and is sometimes called the fusion 

hypothesis of stereopsis.

Geometrical
Horopter

Figure 18.5 
Fusion Theory o f Stereopsis.

The work of Wheatstone demonstrated that retinal disparity is indeed detected 

and used as a depth cue. More recently, the discovery of cells in the brain (at least in 
laboratory animals popular in these kind of experiments) which are maximally sensitive 
to stimulation of disparate points on the retinae (e.g. in macaque monkeys, Hubei and
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Bar/oc^
Weisel 1970, and in cats,ABlakemore and Pettigrew 1967) lends credence to the fusion 

hypothesis at least as a partial explanation of stereopsis. In fact, our ability to detect 

disparity is remarkable. Howard (1919), concerned that frequent fatal aviation accidents 

around this time were related to a failure to test properly the binocular vision of pilots, 

invented the first quantitative test of stereoscopic vision. With this he showed that at 

least 14 out of 106 aviators were capable of detecting disparities down to about 2" of 

arc, close to the limit of the smallest size point which can be detected, and certainly 

smaller than the diam eter of a single cone. This corresponded to a difference in depth of 

about 5 .5m m  at a viewing distance of 6.1m! Howard's test required subjects to make 

judgem ents  about the alignment of two rods some distance away and has been used 

widely in experimental studies (Howard-Doim an apparatus.) More recent work has 

shown that the threshold for detecting disparities also depends on spatial frequency and 

disparity sensitivity is correlated with contrast sensitivity (Legge and Gu 1989).

The main problem with the fusion hypothesis is that it is not clear how the visual 

system "knows" the correct point on one retina to match with an image point in the 

other eye. For example in figure 18.5 the points A and B would activate four disparity 

detectors not two, giving rise to ghost points at X  and Y. Fusion may explain stereopsis 

in fine detail, as a process of point-by-point matching, but not how corresponding areas 

of the two images are matched on a larger or global scale. It has often been an implicit 

assumption that knowledge of what we are looking at suppresses the ghost points, 

similar to the way in which prior knowledge affects the depth cue of relative size. 

H ow ever random  dot stereograms clearly demonstrate that this cannot be so; shape or 

form perception is not a prerequisite for stereopsis (Julesz 1964).

Random  dot stereograms are computer generated patterns of random ly placed 

dots which form  a stereoscopic pair. For m ost of the area the dots are identically placed 

in each view, but for a proportion of the dots, typically representing a geometric figure, 

they are slightly displaced in one view or the other. The geometric figure only becomes 

visible, floating above or below the background, when the pair is viewed 

stereoscopically. There is no way that the figure can be discerned from either view 

alone. Figure 18.6 is included as an example, showing the left and right eye views of a 

random  dot stereogram, but the effect is difficult to see without a stereoscope. It is 

difficult to explain how the brain eventually matches each dot with its correct partner, 

as under the fusion hypothesis there would be many ambiguous matches. Instead o f  a 

point-by-point m atching Julesz suggests that there is a cluster-by-cluster matching, a 

process o f  global stereopsis, followed by localised matching in fine detail (see Julesz 

1974 for how this process might work, by analogy with an array of springs and 

magnetic dipoles).
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Figure 18.6 
Random Dot Stereogram

Global stereopsis is somewhat plastic once the 3D percept has been established. 

The two halves of a stereogram can be moved a long way apart before the image starts 

to appear double. Fender and Julesz (1967) showed that disparities up to 10 times 

larger than Panums area could be fused in images stabilised on the two retinae (i.e. so 

vergence eye m ovem ents had no effect), provided that the disparity increased slowly
i . .

(<2°/sec.) after initial fusion of images within Panums area. W hen stereopsis is lost

there is a kind of hysteresis and the disparities have to be made very much smaller than

at the point where stereopsis was lost before the stereogram can be fused again. There is

also a fairly large tolerance to differences in size between the two images, which again
»

is difficult to explain with the fusion hypothesis. This implies that Panums fusional area 

is not very useful concept; the picture is much more complicated.

Practical experience with stereoscopic photographs suggests that relatively large 

disparities can be entertained when the picture makes sense, when the disposition of 

objects appears quite natural and disparity cues do not conflict with other depth cues. 

Sometimes the complete scene is not instantly seen in 3D, it take time for the 

impression of depth to become established. First, part of the picture is seen in 3D, then 

other parts. Finally it all falls into place and the illusion is complete. The converse is 

also true, diplopia occurs at smaller disparities than might be expected when objects do 

not make sense in the picture. For instance consider a section of lamp post 

photographed with disparities which would place it in front of the plane of the 

photograph or screen. If the lamp post intersects with the top and bottom of the frame 

with neither the top nor bottom of the lamp post visible, the image will certainly appear 

disturbing, if not double at relatively small disparities. We are simply not used to seeing 

sections of lamp post free floating in space. It seems that stereopsis is an active, 

constructional process; perceptual hypotheses are tested against the available data until a
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globally acceptable solution is found. The perception of depth from retinal disparities is 

influenced by prior knowledge, but not in the way assumed by the fusion hypothesis.

Obviously stereopsis is not possible using normal 2D television systems. Other 

depth cues may be reproduced to some extent, or recreated (motion parallax), but 

disparity information is completely lost. The raison d'etre of 3D television is to 

preserve this information and present the viewer with disparity cues which are entirely 

consistent with other distance cues in the picture; a real sense of depth.

One final point about stereopsis is that not all of the population is capable of 

detecting disparities as small as those discussed earlier. Som e people simply have no 

stereoscopic vision at all, others fall somewhere in between. From informal surveys 

Julesz (1971) estimated that about 2% of the population were stereoblind. A further 

15% had anomalous stereopsis; they could see simple stereograms in depth, but had 

difficulty with more complex figures. Richards (1971) however, estimated that up to 

30% of the population had anomalous stereo vision in that they could not process both 

crossed and uncrossed disparities. As the criteria defining anomalous stereoscopic 

perception are somewhat vague, the limiting value of stereoscopic acuity is often used 

instead. Poor stereoscopic acuity is likely to be one of the major factors affecting 

anomalies in stereopsis. Figure 18.7 gives the statistical distribution of acuity for 106 

Russians, after Valyus (1966), who went on to say that an acuity of 30" of arc or better 

should be taken as the value representing normal stereoscopic vision.

Distribution o f  S tereoscopic Acuity (Valyus 1966)

25-

20 -

Population
10 -

S
0 2 4 10 15 20 25 30 35 40 45 50 55 60 >60

Stereoscopic Acuity (sec. of arc)

Figure IS.7
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There are numerous tests for stereoscopic acuity other than Howard's. Van 

Noorden (1990) gives a review of some which are commercially available, including 

probably the m ost recent, due to Lang, which uses an autostereoscopic screen (see 

section 19.5). In the following experimental work the Titmus test was used to screen 

subjects for defective stereoscopic vision. This test comprises of a num ber of figures 

reproduced on Vectograph material (see Lipton 1982 p88-90). Differential polarisation 

is used for left and right eye views and polarised spectacles worn by the viewer direct 

the appropriate image to each eye. The figures include a stereoscopic photograph of a 

house fly (enlarged about 100X) and a series of 9 diamonds, each containing four 

circles. In each diam ond one of the circles appears raised above the paper and the task is 

to identify this circle. As the series progresses the disparity becomes smaller and the 

circle closer and closer to the paper. The num ber of diam onds in which the circle is 

correctly identified gives the score. W hen viewed from a distance of 40cm  this part of 

the test covers a range o f  disparities from 40 to 800 seconds of arc (van Noorden 1990)

18.6. Texture, Figure-G round Effects and Aerial Perspective.

There are other subtle cues to depth, many well known to artists and 

photographers. Texture can give a good indication of distance. The weave of a piece of 

material may be clearly visible close up but not discernible at any great distance. 

Similarly the leaves on a tree. For a surface which recedes in depth, the way texture 

becomes finer and finer with increasing depth, the textural gradient is a good depth cue, 

particularly in conjunction with stereopsis (Gibson 1950).

In two dimensional figures, when 

an object is perceived to be separate from 

the background it often appears to float 

above the background. This is quite 

clearly seen k some ambiguous figures 

where first one interpretation then 

another is entertained. Figure 18.8 shows 

a well known figure which sometimes 

appears as two faces looking at each 

other and sometimes as a vase. In each 

case the figure, faces or the vase appears 

slightly in front of the page.

Figure 18.8 
Figure-ground Effect
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In outdoor scenes, aerial perspective is the way in which atmospheric haze 
contributes to making the background look far away. Distant hills often appear slightly 
blue in colour, but on a particularly clear day when there is no haze seem appreciably 

closer. For most of the uses of television considered here this is probably irrelevant, but 
may play a marginal role in some applications, e.g. driving a remotely controlled 

vehicle in a smoke filled room.

These last three depth cues can be transmitted by any television system 2D or 
3D, but texture cues may be degraded by loss of resolution in the TV system and aerial 
perspective by the use of monochrome TV.
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Chapter 19

19. Harwell Stereoscopic TV Systems.

The first part of this chapter describes the principles of 3D TV; the second part 
the factors, largely determined experimentally, which make stereoscopic pictures 

comfortable to view and the implementation of these principles in 3D TV systems built 
at Harwell.

19.1. Principles of Stereoscopic TV

The basis of a practical stereoscopic camera is two TV cameras set side by side 
with their optical axes converging. The plane where the axes cross is known as the plane 

of convergence. Points in the plane of convergence form images at corresponding point 

on the focal planes of the two cameras. The plane of convergence is analogous to the 

horopter, and as with the eyes, points in front of or behind the plane of convergence 
form images in the two cameras with a disparity or parallax between the left and right 
views. This is shown in figure 19.1.

Lenses
Right->
Video

R CameraObject points

Left->
Video

L Camera

Plane of convergence Plan view

Figure 19.1 
Principle o f  Stereoscopic TV Camera

At the display, the left and right images are overlaid, but presented so that only 

the left eye sees the image from the left channel of the camera and the right eye only 
that from the right channel. The parallaxes in the camera are therefore translated to 

retinal disparities in the eyes and the televised scene is seen in depth. Points in the plane 

of convergence appear to lie in the plane of the screen, objects in front of the plane of 
convergence appear in front of the screen and behind it for objects behind the plane of 

convergence. It is possible to make the retinal disparities exactly the same as when
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viewing an object directly, although generally this is not the case. The stereoscopic 

image would appear to be exactly the same size and shape as the original, but as in 

photography and 2D television this would only be true for one viewing distance. Using 

wide angle, telephoto and zoom lenses to change the field of view without m oving the 

cam era is a useful thing to be able to do, but would be pointless if the correct viewing 

distance was always maintained.

There are five factors which affect the size and shape of  the stereoscopic image:- 

the focal length of the camera lenses, the separation between them and the distance at 

which the cam era is converged, the magnification between the image form ed in the 

cam era and the image on the screen, and finally the distance between the viewer and the 

screen. Dum breck, Smith and Murphy (1987) derive the relationship between these

factors and the geometry of the stereoscopic image, based on the work of Spottiswoode
, Spctiim oeJe

and Spo tin vcoJe(/f^i^Harwell 3D TV systems are based on this model. The analysis

assumes that the optical axes of the 3D camera are made to converge by an axial offset

of the lenses rather than toeing in the cameras. This is a very much superior meansof

converging the camera as it avoids keystone distortion of the pictures which would be in

opposite directions for the left and right views, making them impossible to match. The

size and shape of the stereoscopic image is considered in terms the magnification

between points on the object and points in the image. For 3D images there are three 
magnifications, M vv the width magnification, the height magnification and Mrf the

depth magnification. Mw and M^  are normally identical but is usually different.

Both Mw and M(j  vary with distance from the camera and reproduction may not be

linear throughout the scene.

This is not intended to be a mathematical model of depth perception; it is clear

from chapter 18 that objects are not always perceived according to their retinal

disparities. Instead it is a model of the transmission system and compares the retinal

disparities when looking at the real object with those looking into a 3D display. If the

retinal disparities in the image correspond to those from an object very different in

shape to that in the scene, it is intuitively obvious that this cannot be a good 3D TV

system, even though for some scenes depth may be perceived normally (e.g. human

faces). Image magnification and distortion can be shown graphically as in figure 19.2

(from Dum breck, et al 1987). The figure shows the location of image points for a

system with a 20°  field of view, fixed camera separation and a large display screen of

lm  diagonal. The ellipses indicate the shape ratio, the ratio of width magnification to 
depth magnification, with the x-axis corresponding to M w and the y-axis to M ^  A

circle therefore indicates a shape ratio of 1. In practice^shape ratios between 0.5 and 2 

are acceptable for remote operations in unfamiliar environments, although shape ratios 

very m uch greater than 1 pass without com m ent for very familiar objects. (This is not to 

say that stereoscopic views with exaggerated depth, hyperstereopsis are without their
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uses). Obviously at very small shape ratios the image appears essentially 2 dimensional.
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Figure 19.2
Stereoscopic Image Magnification and Distortion.

Also, the maximum disparity on the display screen has to be limited to ensure 

comfortable viewing and the model can be used to calculate the closest and most distant 

objects in a scene which can acceptably be displayed. The model makes it clear that the 

often stated aim of separating the cameras by a distance equal to the interocular 

separation is misguided; the focal length of the lenses, the size of the display screen and 

of the image format are also important. In short;the cameras do not functionally replace 
the eyes.

Some authors argue that perceptual space is non-Euclidean (e.g. Luneburg 1950, 

Caelli 1981). The geometry of Euclidean space is classical planar geometry, where the 
shortest distance between two points (the geodesic) is a straight line. In connection with
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binocular depth perception, Lipton (1982) makes much of the possible non-Euclidean 

nature of space perception, and argues strongly that a model based on Euclidean 
geometry (such as that used here) must be somewhat suspect. However, probably 
because of the difficulty in deciding what geometry to use instead, there are few 
alternatives. Lipton also concedes that a model due to Hill (1953), based on the work of 

Luneburg,was useless when it came to practical stereoscopic photography! By contrast 

the model used by Harwell works extremely well for 3D TV.

19.2. Factors Affecting Viewing Comfort.

Whilst it is easy to generate pictures in which some stereoscopic effect can be 
seen, it is rather more difficult to build a good 3D TV system. 3D TV will not be of 
much use if it quickly causes the viewer eyestrain, headaches or discomfort. In 3D TV 
and films for entertainment this is less of a problem, as much is made of the novelty 

value. For remote operations or surveillance, however, the viewing system is likely to 
be used intensively for long periods of time. Any adverse effects would be 
unacceptable. Perhaps this is already the reason why 3D TV and film is not more 
widespread for entertainment.

The following describes the factors which affect viewer (dis)comfort, largely 
based on a number of years of practical experience with 3D TV systems at Harwell 
Laboratory and the experience of 3D film makers in the 1950’s. Generally these factors 
have not been given sufficient consideration by other would-be makers of 3D TV 
systems. The result has been that their systems have been less expensive but very much 
inferior in this respect to 3D TV systems designed and built at Harwell.

19.2.1 Picture Matching.

One of the main requisites is that the pictures seen by the left and right eyes 
should be the same except for the small horizontal disparities which give rise to the 

perception of depth. Any other visible differences present the viewers brain with 
conflicting information which cannot arise during normal vision. When the left and 

right views are sufficiently different binocular rivalry results; first one view, then the 

other is entertained and there is no fusion. The following criteria for picture matching 
should be met both by cameras and displays in order to achieve acceptable results:-

• Vertical Alignment:- An error of no more than two scanning lines 
between any two corresponding image points.

•Image Size:- The two images should correspond to within half of one 

percent in both vertical and horizontal directions.
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•Horizontal Alignment:- An error of no more than 1/200^ of the screen
width.

•Rotational Alignment:- An error of no more than 0.25 degrees.

Vertical alignment is particularly important and to a large extent the tolerances 

on image size and rotation derive from this constraint. Although stereo pairs with 

relatively large vertical disparities can be fused, this entails vertical vergence 
movements of the eyes which can cause discomfort and eyestrain. Experiments by 

Nielsen and Poggio (1984) indicate that without eye movements vertical errors of 
greater than 3.5 arcmin are sufficient to prevent fusion (although errors of up to 6.5 
arcmin can be tolerated if they are constant over the area of the stereogram.) The former 
corresponds to about 2.5 TV scan lines for a 16", 625 line display viewed from a 
distance of about lm . Furthermore, there is some evidence that monocular features 
(ones which can be seen by either eye alone) exert a considerable influence on vertical 

eye movements. A vertical misalignment over a small area of the picture (possibly as 
little as 5%) can "capture" the vertical registration between the two eyes and prevent 
fusion of fine scale detail elsewhere in the picture (Prazdny 1987).

Left and right channels of the camera should be focussed at the same distance to 
a high degree of accuracy; both pictures should appear equally sharp. This becomes a 
less stringent requirement where small numerical apertures can be used and the depth of 
focus becomes large (i.e. bright lighting, short focal length) although at short focal 

lengths the range of movement required to focus from close-up to infinity may be 
somewhat less than 1mm. The brightness, contrast and colour of the two pictures should 
also be accurately matched, ideally so any differences are imperceptible. There should 
be as little cross talk as practical between the left and right channels; the right eye 

should see only the picture intended for the right eye, and the left eye only the picture 
intended for that eye. In this respect some display systems are better than others, as 
discussed briefly in section 19.5. Generally cross-talk will be greatest in areas of the 

picture with high contrast and large parallaxes.

Finally, left and right picture scans should be synchronised. Under some 

circumstances, when there is movement in the scene^ difference in timing between the 
channels can lead to an erroneous impression of depth. For a 50Hz TV system there 

could be as much as 20ms between the left and right eye views. If the scene movement 

is relatively rapid this leads to a false parallax between the two views and hence an 
incorrect impression of depth. For example, an object in the scene moving at 17cms"l 
will give a parallax error of 1/300^ of the screen width, a detectable error, if the camera 

has 25mm focal length lenses, a 2/3" image format and the object is 3m away from the 
camera. This is analogous to the Pulfrich effect in human vision, where holding a dark 
filter in front of one eye can give illusory depth to a moving object (Weale 1954).
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Reducing the amount of light introduces a time delay for the eye behind the filter as 
there is a latency, or integration period between light entering the eye and the 
information becoming available, the length of which depends on the intensity of the 
light. This is easily demonstrated by observing a pendulum bob swinging in a plane 
parallel to the interocular. With the filter in front of one eye the bob appears to swing 
out of the plane and describe an elliptical path. The eye behind the filter "sees" the 
pendulum at an earlier position than the unoccluded eye.

19.2.2 Accommodation and Convergence of the Eyes.

One of the lessons to be learned from many bad 3D movies is that attempts to 
reproduce excessive depth cause eyestrain and should be avoided. From practical 
experience and from Valyus (1966) a parallax limit (i.e. the maximum horizontal 

displacement between corresponding points in the left and right images) of l/30th of the 
screen width is recommended. This can be achieved by selecting a suitable inter-camera 
separation for the lens focal length and object distance using the equations given in 
Dumbreck et al 1987 or the graphical representation in figure 19.2. Although in practice 
this will almost certainly involve a compromise, the image should also be realistic; 
neither compressed in depth, making objects look like cardboard cutouts, nor 

exaggerated. In many applications the physical size of the lenses will set a lower limit 
on the interaxial separation.

For comfortable pictures, it is usually desirable for the camera to be focused and 
converged at the same distance.This also simplifies operation of the camera, giving the 
operator a single control. In normal human vision there is a relationship between 
accommodation (focus) and convergence of the eyes; cues for the eyes to converge also 
bring about a corresponding change in their accommodation. The relationship is 

symmetrical, so similarly, cues for accommodation bring about vergence of the eyes 

(see bookl , chapter 4). The parallax in a stereoscopic display is a strong cue for 

vergence of the eyes, and a viewer will tend to converge at the point in space where the 
image appears to be situated. However the plane of the display screen is the optimum

t
place for the viewers eyes to be focused and appropriate accommodation would 

normally bring about a corresponding vergence. In the extreme, such a conflict of cues 
may lead to problems, but the situation can largely be avoided if the camera is focused 

and converged in the same place (objects in sharpest focus appear at the plane of the 

screen) and maximum screen parallax is limited as above.

In clinical investigations of oculomotor function?the extents of fusional vergence 

(see chapter 4) are sometimes tested by introducing prisms of various strengths in front 

of one or other eye whilst the patient focuses on a test chart some distance away. 

Normally, accommodation and convergence can be decoupled to quite a large extent and
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when prisms are introduced vergence of the eyes results to avoid diplopia. One of the 
parameters of interest is the amount of fusional vergence available before the test chart 
starts to appear blurred (which results from vergence being a cue for accommodation). 

For patients with normal ocular muscle balance accommodating at a distance of 1/3 m, 

about 17 prism dioptres of crossed or uncrossed disparity can be introduced before blur 
becomes apparent (Dale 1982). For a stereoscopic TV display viewed from the same 
distance, this corresponds to an on-screen disparity of about 5.7cm. As a general rule of 
thumb, comfortable viewing will result if 2/3 of this range are kept in reserve (Sheedy 
and Saladin 1983), limiting screen disparity to ±1.9cm. For a 16" diagonal display 

1/30^ of the screen width would be about 1cm, so perhaps the suggested parallax limit 

is somewhat conservative.

The problem of mismatched accommodation and convergence is often 
overstated (for e.g. Miyashita & Uchida 1990 suggest that it is the major cause/serious 

visual fatigue in users of stereoscopic displays) because, in general,the eyes do not
converge very accurately on the point of fixation. Although for simple line stimuli 
accurate vergence is required (to within minutes of arc; see Ogle 1962), Crone and 
Hardjowijoto (1979) found fixation disparities of about 2° in normal subjects for 
random dot stereograms. Similarly,Hyson et al (1983) found large errors of fixation (up 
to 3°) without changes in depth perception, possibly due to "neural remapping". A 
vergence of ± 2 ° corresponds to a relatively large proportion of the range of 

convergence angles required to encompass the whole of the televised scene if the 
parallax is limited as above.

19.3. Stereoscopic Displays.

To display stereoscopic television pictures, each eye must see only the image 

from the appropriate channel of the camera. Ideally, the method of display should not 

impair the quality of each 2D view and the display should be as easy to use as any 2D 

television display. This can be achieved in a number of way* some of which are simply 

variations on a theme (see Dumbreck and Smith 1991).

The method preferred by Harwell uses polarised light to accomplish the 
separation of the images. Two high quality TV monitors, mounted at 90° to each other 

provide the left and right eye views. The images from these are optically combined by a 
semi-silvered mirror mounted at 45° between the monitors. Filters in front of each 

monitor polarise the light differently for each channel. Normally, linear polarisation is 
used and the plane of polarisation differs by 90° between the two channels, taking into 

account changes in polarisation through the mirror. The plane of polarisation for each 

channel is 45° to the vertical.

162



TV monitor 
with right image

Semi reflective mirror

Polarising spectacles

Polarizing.
filters

TV monitor 
with left image

Figure 19.3 
Principle o f  Polarised Light Stereo Display

The display monitors can be 

colour, high resolution black and 

white or even computer graphics 

monitors, but high quality monitors 

must be used to get sufficiently good 

picture matching (as above) between 

the two channels. Figure 19.4 

Colour Stereo Display.

Lightw eight spectacles worn by the v iew er have correspondingly  aligned 

polarising filters, each of which transmits one image but rejects the other when the 

planes o f  polarisation are crossed. This is shown d iagram m atically  in figure 19.3. 

Circular polarisation could also be used and would have the advantage  that tilting the 

head had no effect on the cross talk between the two channels. H ow ever  there is less 

rejection of the unwanted image to start with, and tilting the head has in any case a 

detrimental effect on the stereoscopic image. As the head is tilted the horizontal 

parallaxes which give the perception of depth becom e unw anted  vertical disparities. 

The choice of the material for the 

linear polarisers involves some 

degree of compromise. The more 

effective the filter is at rejecting the 

unwanted image, in general the less 

light it allows through. However 

Polaroid HN35 is found to be a 

reasonable choice, but at best a pair 

of aligned filters transmit only 35% 

of the light.
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Figure 19.4 shows a colour display using 16" grade 1 (BBC Engineering 1984) 
broadcast quality monitors. The advantages of this type of display include high 
resolution, a full colour gamut with no loss of temporal resolution. In addition several 
people can watch the display at the same time. The main disadvantages are a relatively 
large size and a slightly dim picture.

The most popular alternative display method presents the left and right views 

sequentially on the same monitor and uses optical shuttering to ensure that each eye sees 
only the appropriate view (field sequential displays). Several systems are commercially 
available for computer graphics and for television. The optical shuttering can either be 
by active spectacles worn by the viewer (e.g. Lipton and Meyer 1984) or at the screen 

(Tektronix 1987). With active spectacles, liquid crystal shutters in front of each eye 
open and close in synchrony with the monitor display field rate, allowing first the right 
eye and then the left eye to see the screen. If the field rate is high enough flicker is not 

apparent and a constantly illuminated stereoscopic image is seen. However, for 3D TV 
the display field rate is usually much lower than for computer graphics displays and 
either the display will flicker noticeably or the video signal must be up-converted (see 
book 1) to a higher field rate. Neither solution is very satisfactory. In addition, even for 

computer graphics displays flicker is generally apparent, despite the manufacturers 
claims. With shuttered glasses the image on the screen may indeed be flicker-free, but 
anything in peripheral vision, the walls of the room, papers on the desk, or light from a 
nearby window will appear to flicker appreciably as peripheral vision is much more 
sensitive to intermittent illumination than foveal vision (book 1). This is a serious defect 

of such displays.

Where switching takes place at the screen, a liquid crystal shutter in front of the 

screen changes the polarisation of light from the display on alternate fields. Passive 
polarising glasses worn by the viewer select the appropriate image for each eye. Flicker 

is not such a problem with this type of display, and as with active shuttered glasses 
picture matching is virtually guaranteed by displaying both views on the same monitor. 
However both these systems suffer from disappointingly large amounts of cross-talk 

between the left and right views where one field carries over into the next. This is 

difficult to avoid due to the persistence of the display phosphor. The light output from 
the phosphor decays exponentially after excitation and unless a very short persistence 

phosphor is used there is bound to be some carry over between the left and right views. 

This problem is exacerbated by using a higher field rate to reduce display flicker. Field 

sequential displays can also suffer from false parallaxes generated by motion in the 
scene and from some loss of vertical resolution by using only one field from each 

channel.

Other methods of display are generally less suitable for prolonged use or
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operations in an industrial environment. Video project Jen from two projectors through 

polarising filters onto a large screen certainly gives a very compelling impression of 
depth and is an excellent medium for entertainment or promotional films. Many 

arrangements are possible using mirrors or prisms which enable each eye to see an 
image on a different TV monitor, or at least a different part of the screen of the same 
monitor. Generally these exhibit no cross-talk between the two views, but can only be 
used by one person a time. The well known technique of using red-green or red-cyan 
colour separation anaglyphs can be used with any normal colour TV channel and is still 

popular in printed material. The left and right eye views are printed in different colours 

and coloured filters held in front of the eyes separate each view to the appropriate eye. 
However, the binocular rivalry this induces rules out prolonged use and after-effects 

caused by looking through the coloured filters may be objectionable (- for some time 
afterward, the world seen through each eye appears to be slightly tinted with a colour 
complementary to the filter which had been held in front of that eye.)

There has also been much research into stereoscopic displays which can 
reproduce motion parallax, and displays which can be viewed without viewing aids 
(spectacles or stereoscopes). One approach (e.g.Fischer, McGreevy et al 1986) is to 
mount a small 2D display in front of each eye and by measuring movements of the head 
adjust the viewpoint accordingly. The image displayed may be from a 3D TV camera or 
computer generated, a so called virtual reality. However^ with head mounted displays 
and 3D TV cameras,the coupling between head and camera must be very tight so that 
the camera closely follows the movements of the head. For a computer generated 

display,the images must move rapidly and in a natural way as the head is moved, which 
may require considerable computing power for detailed and realistic images. Even 
slight discrepancies in this respect can induce motion sickness.

Stereoscopic displays viewed without viewing aids are termed autostereoscopic. 
Generally the left and right views are divided up into vertical strips which are 

interleaved, left view, right view, left view, right view etc. Either a slotted mask 

(parallax barrier) or a screen divided up into vertical lenticules is placed in front of the 

display and from certain critical viewpoints the left eye sees only the strips of the left 
view, and the right eye only those of the right view. Autostereoscopic displays enjoyed 
an early boom in the Russian cinema in the 1940s (see Valyus 1966), but for television 
(with CRT displays) the problem has always been aligning the vertical strips of each 
view with the lenticules, or slots of the screen. With improving TV technology 
autostereoscopic displays are becoming more practical and finer and finer lenticules 

mean higher and higher resolution displays. Flat panel LCD displays are an attractive 

proposition for autostereoscopic displays as the display pixels are positioned with great 
accuracy. Alignment with the lenticular screen or slotted mask can be virtually assured. 

At least one company markets an autostereoscopic display for computer graphics, based
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on an LCD panel with a resolution of 640 by 480 pixels (Eichenlaub 1990).

The problem  with autostereoscopic displays is usually that the head has to be

kept very still, and between the critical view points where stereoscopic images can be

seen are zones where the left and right views are transposed. This does not have to be

the case as autostereoscopic displays can be made with more than 2 views behind the

lenticules. As the head is m oved from left to right a different pair o f  stereoscopic views

is seen rather than the original pair with left and right views interchanged. Som e degree

of motion parallax is reproduced. This technique has enjoyed popularity for printed

material {e.g. postcards) and for advertising, (there are some good examples in Seatle

Airport!) using 6 or 8 views, but for TV the alignment is considerably more difficult.

Autostereoscopic TV  systems with four to six views have been demonstrated (Borner
IW

1987, Isono and Y asuda; usiy  flat-panel displays ) but still require considerable 

developm ent to be practical for remote viewing applications.

19.4. Stereoscopic TV C am era Systems.

Since 1986; several 3D camera systems have been developed at Harwell which 

meet the above specification for high quality stereoscopic pictures. Figure 19.5 shows 

the cam era which was used here, for experiments 5 and 6. This uses two CCD (Charge 

Coupled Device) colour cameras placed side by side. Lenses are fixed focal length 

(18mm ) small form at photographic lenses and cam era separation is fixed. Convergence 

is controlled by axial offset of the lenses, linked by a precision m echanical linkage to 

cam era focus, which is motorised. With some accuracy, the cam era  focuses and 

converges in the same plane and the operator has only a single control. Lens aperture 

for the two channels is also linked, with either automatic or manual iris control.

Figure 19.5 
Colour 3D TV Camera
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Chapter 20

20. Evaluation of Stereoscopic Television for Remote Operations.

It might seem obvious that the depth information provided by 3D TV would 

enorm ously enhance the ability to perform rem ote operations. In other fields 

stereoscopic viewing is used routinely; stereoscopic m icroscopes are widely used for 

eye surgery and industrially for the assembly of small components (e.g. integrated 

circuits). The most fam iliar example, the use of binoculars rather than a monoscopic 

telescope to view a distant scene, indicates that stereoscopic viewing equipment can be 

easily accepted by the vast majority of individuals. W hen properly designed, 

constructed and aligned,stereoscopic TV should similarly be preferable to 2D TV.

There has been a great deal of research aimed at justifying the extra cost and 

complexity  of using 3D TV, but early evaluations paint a surprisingly pessimistic 

picture. Spain (1984) gives a summary o f  some early experiments where using 3D TV 

proved to be of no advantage (e.g. Kama and DuM ars 1964). H ow ever Chubb (1964) 

com pared perform ance with 2D and 3D viewing, but rather than using television, the 

3D view was a direct view with both eyes and the 2D view the same direct view with a 

patch over one eye. Chubb found that a simple task, placing a peg in a hole using a 

master-slave remote m anipulator, was performed about 20% faster and with a much 

smaller variance using 3D viewing. As Chubb used exactly the same task and 

manipulator as K am a and DuMars he concluded that they had failed to find any 

advantage with 3D TV because of deficiencies in the 3D TV system. Although some of 

the 3D advantage shown by Chubb may have been due to inferiority of the 2D 

condition, because of the novelty of wearing an eyepatch, the narrowing of the field of 

view by occluding one eye and possibly a slight binocular rivalry (Spain 1984, Jones 

and Lee 1981 ),^tnat a poorly designed 3D TV system can easily negate the advantages 

of stereoscopic viewing is nevertheless a valid criticism. From practical experience,it  is 

still relatively difficult to build a 3D TV system which satisfies the requirements given 

in chapter 19 to ensure comfortable viewing. With 1964 technology the difficulty would 

have been very m uch greater; this alone may explain why early evaluations failed to 

find any marked advantages using 3D TV.

In the mid 1970s there was much interest in the use of 3D TV for remote 

operations in space. Pepper and Cole (1978) review some of the work carried out 

around this time by a number of NASA aerospace contractors (e.g. RCA Astronautics, 

Martin-Marietta, M B-Associates). Generally the results were disappointing, indicating 

no consistent advantage using 3D TV. It is not clear to what extent this m ay have been 

due to poor quality 3D TV systems, but Pepper and Cole concluded that in addition to 

the viewing system, performance depended on the task itself and the effects o f  operator 

learning. To show the benefits of 3D TV the task must be sufficiently difficult; if the
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task can be accomplished blindfold then little will be gained by using 3D or 2D TV. To 
some extent the use of more sophisticated manipulators with force feedback may reduce 
the impact of 3D TV or at least make the benefits more task dependent. On the other 
hand* trials with an extremely cumbersome manipulator will not benefit very much 

either if the operators spend most of their time learning how to use the manipulator.

In comparing performance with 3D and 2D viewing systems experimental 

design is also important. Merritt (1982) points out that variability between operators 
may be considerable, particularly for those unfamiliar with the task. In a between- 

subjects design, where subjects use only one or other viewing systenrythis may mask 
even relatively large 3D-2D differences. A within-subjects experimental design where 
subjects act as their own controls and use both viewing systems is therefore preferable. 

However one of the hypothesised advantages of 3D TV is faster learning of a task and 
improved performance in an unfamiliar environment (e.g. Smith, Cole, Merritt & 

Pepper 1979). Using a within-subjects design this becomes difficult to demonstrate 
almost by definition; there will always be carry over from one session to the next and 
the environment will no longer be unfamiliar.

More recent work at NOSC (Naval Ocean Systems Centre), Hawaii, has shown
t j i t h

relatively large improvements in performance using 3D TV,^typically a 20% reduction 
in time to complete the task (Pepper and Kaomea 1988, Spain 1990). Stereoscopic 
television has been shown to be particularly useful where visibility was degraded 
(murky water) and for viewing unfamiliar scenes (Smith et al 1979). Tasks have also 
been reported which would be impossible to perform without 3D TV (Merritt 1984, 
Cole, Merritt, Fore and Lester 1990). However all of this work has stuck closely to the 
binoculars vs telescope analogy, comparing task performance or the ability to judge 

distance away from the camera using 3D television or a single 2D view from the same 

point of view (usually one channel of the 3D camera). In the nuclear industry in 
particular, it is recognised that with normal (2D) television more than one camera 

position is needed. There are indeed many tasks which would otherwise be impossible, 
but which can readily be accomplished with more than one camera position, apparently 

without the need for 3D TV. The optimum configuration may be to have two cameras 

with their lines of sight intersecting at 90° (Garre 1981), an arrangement known as 
orthogonal viewing. Just as the plan and elevation view in an architects drawing give a 

complete three dimensional representation of a building, orthogonal viewing relays 

three dimensional information about a remote scene. Interpretation of the two 2D views 

in both cases may require some training and a good "spatial sense", whilst 3D TV would 

present depth information in a natural way. Nevertheless, orthogonal viewing or at least 

near orthogonal viewing from multiple cameras is an established technique. Although 
many situations can be envisaged where only a single camera position would be 
possible, pitting stereoscopic television against orthogonal viewing is a much more
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stringent test, and one which must clearly be passed if 3D TV is to be adopted for 

remote operations in general.

From the above, evaluations of 3D TV should therefore compare operator 
performance using a high quality 3D TV system with that using orthogonal 2D viewing, 
or at least more than one 2D view point, preferably using a within-subjects experimental 

design. Harwell stereoscopic TV systems provide excellent 3D TV pictures, but have 
not been tested against orthogonal viewing in any formal way. Earlier work at Harwell 
compared operator performance using 3D with performance using a single 2D view of 
either standard or high resolution (Reading and Dumbreck 1987). The task was to 

position the pen of a remotely controlled X-Y plotter relative to pre-defined target 

positions. A large number of trials could be carried out quickly and gross errors, such as 
dropping the tool, were avoided. The task was not expected to show 3D TV to best 

advantage as the simplicity of the task allowed subjects to learn the configuration of the 
image on the screen required for correct placement of the pen. Nevertheless subjects hit 

the targets approximately 15% faster with 3D TV and made about 15% fewer errors. 
Performance with 3D TV was* however, not significantly different from that using a 
single high resolution 2D view. Position error varied with viewing system; with 3D 
errors were generally in front of the target (closer to the camera) whilst with 2D error 
were more uniformly distributed in front of and behind the target.

Experiments 5 & 6  described below included all the elements required for a 
stringent evaluation not genuinely combined in previous studies; i.e. a good 3D TV 
system, a 2D TV system with more than 1 point of view, a within-subjects experimental 
design, and a task which required good visual feedback. Both of these experiments used 
the colour CCD 3D TV and polarised light display described earlier and were carried 

out in mock-up facilities at UKAEA Windscale Laboratory. The tasks were based on 
real operation to be carried out in the near future, rather than a laboratory task. In 

experiment 5  ̂ the emphasis was on speed of performance whilst experiment 6  

concentrated on accuracy. In both experiments subjects were videotaped to examine the 

way in which they had used the 2D and 3D viewing systems. In experiment 5 they were 

also given a questionnaire about how they found using 3D TV and whether it had 
caused any undue eyestrain, fatigue or other difficulties.
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Chapter 21

21. Experiment 5: (Pick and Place: WAGR Decommissioning).

Experiment 5 was based on an operation planned to take place during the 
decommissioning of the prototype AGR (Advanced Gas-Cooled Reactor) at Windscale 

(WAGR). Steel plates dismantled from the pressure vessel will be transported out of the 
vessel in a basket into a specially constructed chamber called the Upper Sentencing 
Cell. Here they will be removed and placed in a multiple plate rack using a remotely 
controlled crane mounted on an overhead beam which will be pivoted and can be 
slewed from side to side. The rack will be like a giant toast rack and when completely 
loaded will be lowered through a hole in the floor into another chamber, the Lower 
Sentencing Cell, where it will be set in concrete for disposal. This experiment examined 
whether 3D TV would be useful for operations in the Upper Sentencing Cell. The main 

measure of performance was the speed with which plates could be transferred and 
inserted into the rack. In the real Sentencing Cell orthogonal viewing will not be 

possible, and at the time of the experiment only a single 2D TV view was planned, but a 
second camera could be installed at an angle of about 30° to the main camera position.

21.1.The task.

The insertion of the steel plates into the rack in the Upper Sentencing Cell was 
mocked-up in the HERO vault in building B3 at Windscale. A full size rack was used, 
but the distance over which the plates were moved was smaller. The crane in HERO is 
mounted on a fixed beam rather than a pivoted one, so the plates initially rested in 
specially built stands, each holding a single plate, placed under the axis of the beam. 

Only five of the ten slots in the rack could be reached by the crane, but the task still 

involved rotation, translation and accurate positioning of the plates. Figure 21.1 is a 

photograph of the task and figure 2 1 .2  the floorplan.

Two plates were used, a curved piece of thermal shielding, 1.54m by 0.61m and 
5cm thick with a radius of curvature of about 12m, and a flat plate 1.03m by 0.6m by 

8 cm thick. These were inserted respectively into slots in the toast rack 8.0 and 8.3cm 

wide. The plates were always inserted into the same slots in the rack and returned to the 
same stands. The intended slots and stands were identified by coloured tape wrapped 

round the neighbouring prongs. The stand for the curved plate was the further away 

from the rack and the slot was the second of the rack. The straight plate was inserted 

into the fifth slot of the rack, the furthest from the stands which could be reached by the 
crane. Both plates were moved through approximately the same distance and neither 

obscured the view of the other to any large degree during the task.
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Figure 21.1 
Photograph o f the Task fo r  Experiment 5

Key Light

MAIN View

SUPPLEMENTARY
View

F i l l  LightF i l l  Light

Toast Rack

Plates S Stands

Crane Travel

Figure 2 1 .2

Floorplan o f HERO Vault.
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In the start position both plates were in their stands and the crane parked at the 

end of the beam furthest away. Subjects were required to transfer the flat plate to the 
rack, the curved plate to the rack and then return them in turn to their stands, curved 

plate first. The sequence was repeated and finally the crane returned to the end of it's 
beam.

The time taken for each plate transferred from stand to rack or vice-versa was 

divided into five components:-

Component 1 : From start position (or end of component 5) till the first touch of

plate with the crane grab.

Component 2 : End of component 1 till grab is attached and plate is lifted clear

of a stand or the rack.

Component 3 : End of component 2 till plate first touches rack or stand.

Component 4 : End of component 3 till plate is inserted fully home in rack or

stand.

Component 5 : End of component 4 till grab is released and lifted clear of the

plate.

21.1.1.Task Lighting

The Task was lit with quartz-halogen lights positioned as in figure 21.2. The key 
source was a 3.6 kW array of six 600W lights arranged in three banks and the fill lights 
were 800W Red Heads. The lighting was balanced using 3 channels of a 4 channel 
dimmer; 2 channels for the Red Heads and a third for one bank of the key light. The 
other two banks ran at full power.

No measurements of illuminance were made at the time, but subsequent 
measurements in a similar setting suggested that the plate rack was illuminated with 

around 6000-7000 Lux.

21.1.2.Cameras; Positioning and Views of the Task

Two television views of the task were provided -a main view and a 
supplementary view -based on the camera positions possible for the real operation, The 

main view was from a height of 1 .6 m above the multiple plate rack, more or less square 

to the slots, and the supplementary view was from a similar height but displaced to the 

left (see figure 21.2). The main view was either 2D or 3D, whilst the supplementary was 

always 2D. Both could be panned and tilted through large angles.

Two cameras mounted on the same pan and tilt head gave the main view; a 

Panasonic F10 colour CCD camera for 2D and the colour stereo camera for 3D. These

172



were aligned so that their axes intersected at the centre of the plate rack. Picture quality 
and resolution were very similar for the two cameras since the same CCD sensor was 
used in both cameras. The supplementary view, from an identical F10, and the 2D main 

view were fitted with 12.5 to 75mm zoom lenses giving an angle of view ranging from 
7 to 39 degrees. In 3D the main view had a fixed angle of view of 30 degrees. Since the 

task subtended an angle of approximately 44 degrees, the whole scene could not be 
encompassed in 3D without panning.

The view from the stereoscopic camera and the supplementary view were 

matched by eye for brightness and contrast. It was not possible to match the 2D main 
view from the zoom camera as accurately -the picture was always slightly darker- but 
the difference was small and unlikely to have been of any consequence.

21.2.Viewing Station Layout.

Figure 21.3 shows a plan of the viewing station. The operator was seated 
direcdy in front of the stereoscopic display, which was always the main view; a 2D 
picture could be displayed either by connecting the same signal to both monitors and 
viewing through the polarising glasses, or by connecting a signal to only one of the 
monitors and viewing without glasses. The supplementary view was displayed on a JVC 

14" colour monitor to the left of the operator, angled at about 120 degrees to the screen 
of the main view.

Recording Camera

MAIN Display Monitor

Crane Controls

Camera Controls

Camera
ControlsSUPPLEMENTARY 

Display Monitor
Subject

20 cm
Approximate Scale

Figure 21.3 
Control Station Layout for Experiment 5.
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A video camera was set up above and slightly behind the supplementary monitor 

so that a view of the operator during the task could be recorded.

21.2.1.Crane Controls.

Traverse of the crane was controlled by simple on/off push buttons, whilst 
raising and lowering the grab used two-stage push buttons; when depressed to their full 

extent the faster of two speeds was selected, when partially depressed the crane moved 
at a slower speed. Rotation of the grab was controlled by a rotary switch. The controls 

acted so that the television image of the crane moved in the same sense as the controls:
i.e. depressing the left button moved the crane to the left in the picture and turning the 
rotary control clockwise rotated the grab clockwise in the picture.

The crane grab was opened or closed by lowering it until the weight of the grab 
was supported by the plate and the suspending cables were slack. This actuated a ratchet 
mechanism. The grab then remained open and could be lifted clear, or closed as the 

suspending cables were tensioned. Thus there was no separate control to open or close 
the grab.

21.2.2.Camera Controls.

Camera pan and tilt was controlled by a proportionally acting joystick for the 
main view and by push buttons for the supplementary view. To tilt a camera down the 

joystick was moved forwards, or the push button furthest away was depressed.

Zoom, focus and iris of the 2D views were controlled by push buttons. For the 
3D camera, iris control was automatic and focus was linked to the convergence control 

of the camera. The convergence control was used to ensure that an object or area of 
interest appeared to be in the plane of the screen, giving an optimum stereo image and 

best focus. This was most easily achieved by viewing the display without polarising 
glasses and adjusting the control until the appropriate part of the images overlaid. 

Although the subjects were free to use this control at any time, it was perfectly 
acceptable (because of the bright lighting and large depth of field) to leave the 

convergence at its initial setting, -the centre of the plate rack.

21.3.Subjects

Eight male subjects aged between 22 and 43 years, with a median age of 24 
years participated in the trials. All had 6/9 or better visual acuity, five with spectacle 
correction, and scored 8 or better on the Titmus test of stereo acuity.

Driving the crane was not as simple as the controls suggested. A particular
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technique was necessary to avoid setting the load swinging uncontrollably and colliding 
violently with equipment and fixtures in the vault. Therefore all eight subjects had had 
some instruction and were registered as crane drivers, although experience varied from 
half an hour to several hours.

21.4.Experimental Design

Two viewing arrangements were compared:-

(1) 3D main view + 2D supplementary view.

(2) 2D main view + 2D supplementary view.

Conditions (1) and (2) were loosely referred to as 3D and 2D conditions. In 
condition ( 1) operators were free to switch the main view between the stereo camera 

and the 2D camera if they needed to use a wider angle of view or the zoom facility. In
2D the display could be viewed without removing the polarising glasses. Similarly in
condition (2), operators could switch the main view between the 2D camera and the left 

eye view from the stereo camera.

Each of the subjects attempted the task under both viewing conditions in two 
sessions, separated by at least three hours. Half used arrangement (1) first, the others 
arrangement (2). Three of the subjects were videotaped under both conditions. Two of 
these used 2D first and 3D second, the other 3D first. All subjects answered a detailed 
questionnaire after completing both sessions.

21.4.1.Procedure

At the start of a session, the viewing arrangement and camera controls were 
explained and the subject was allowed a few minutes to familiarise himself with their 

operation. For a 3D session the subject was given the choice of three styles of 

polarising spectacles. For subjects who already wore spectacles, the polarising glasses 
were worn on top of normal spectacles. In this respect, some styles were more 

comfortable than others. The task was explained and cameras were returned to a 

predetermined start position.

The experimenter recorded the start and finish of each component of the task 

with a timing program running on an IBM PC/AT. A code was entered after each plate 
transfer so that the absence of any component start or finish times (due to experimenter 
error) could later be identified. To monitor the subject's progress, the experimenter 

could view a TV monitor connected to the stereo camera and could see the 
supplementary view over the subject's shoulder. If the subject switched the main view 

from the stereo camera to the 2D camera the time was also recorded.
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In theory, a session ended with the plates restored to the start position but it was 
sometimes found that the plate rack or stands had been moved by a collision with a 

plate. The correct positions had been marked with adhesive tape stuck to the floor and 
small adjustment were made after each session, shifting the rack and stands back onto 
their marks. After the second session the questionnaire was answered and the 
ophthalmic tests administered; a standard letter chart for visual acuity and the Titmus 
test for stereo vision.

21.5.Results and Analysis.

The facility to switch the main view between the stereo camera and 2D camera 

was very seldom used; subjects preferred to pan or tilt the camera rather than switch to 
2D and use the zoom. Under condition (1) the main view was therefore considered to be 

entirely 3D.

In the following, f-tests significance levels are given for one-sided tests (see 
appendix 1) since it was expected a priori that 3D would give the faster times.

21.5.1. Speed of Performance

As in book 1, speed of performance measures should be treated with caution 
because of the possibility of a speed accuracy trade-off. In this case it is difficult to say 
exactly what constituted an error. It was inevitable that the plate would contact the rack 
or stands during insertion. What magnitude of collision should be considered an error? 
However any serious misjudgement of position and subsequent collision set the crane 
grab swinging. The swing needed to be corrected or inserting the plate became very 

difficult if not impossible. Errors or collisions would thus have been reflected in the 

time taken to complete the task and therefore performance was compared by analysing 

time alone.

21.5.2.0verall Time.

The variability between subjects was considerable. With the 3D main view, the 

longest time taken to complete the session was 2278 seconds and the shortest 1097 
seconds. With 2D the time ranged from 1279 to 2594 seconds. The result of a paired t- 

test {i.e. subjects 2D time minus 3D time) was not significant (/ = 1.42, d f = 7, p  = 

0.099) although the mean 2D-3D difference was 141 seconds.

21.5.3.Component Times.

Unfortunately it was not possible to recover from computer disc most of the data 

for the 3D session of one subject. He was therefore excluded from the analysis. In order
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to keep the experiment balanced, data from a second subject was also dropped. The first 
had used 3D viewing first session, so the other subject had to be one of those who had 
used 2D first. Rather than pick at random, a subject who had considerably more 
experience of driving the crane and using conventional 2D television than the rest of the 
subjects was excluded. The following is therefore based on data from 6  reasonably well 

matched operators, and although there were some missing values where the 
experimenter failed to record the start or finish of a component, the experiment remains 
reasonably balanced.

If it is assumed that the two plates were of equal difficulty to move and that the 
directions, from stand to rack and from rack to stand were equivalent, then each 
component was repeated eight times per session. For each repetition of the 5 
components the time taken with 3D was subtracted from the corresponding 2D time. 

The mean time difference (2D-3D time) for each component might have been tested 
statistically with a Mest, but normal probability plots revealed that whilst components 1 

and 2 were normally distributed, that data for components 3 and 4 were not. The points 
in the first two parts of figure 21.4, the probability plots for these two components, 
should lie along straight lines. A Normal distribution is a prerequisite for a Mest, which 

therefore could not be used. This is important because these were the components most 
likely to have been affected by the viewing system.

Accurate alignment of a plate with its slot was sometimes achieved before the 
first touch of the rack or stand, and sometimes afterwards. In the former case the plate 
could rapidly be inserted into the rack soon after the first touch. In the latter case more 
time would elapse between first touch and the plate being fully inserted: there would be 
a negative linear correlation between the times for components 3 and 4. The correlation 

coefficient, r, of the 2D minus 3D times for these components was calculated to be -
0.31, which was statistically significant, {df = 46, p  < 0.025 one sided.) Therefore a 

better definition of components would be to combine components 3 and 4 in a single 
component which always included alignment of the plate. This component, termed 

component X, was calculated simply by adding the times for components 3 and 4. The 

distribution of 2D minus corresponding 3D time was then approximately normal. (-Last 

part of figure 21.4)

The correlation matrix of component 2D-3D times (table 21.1) indicated that 
there were two other significant correlations; between components 1 and 5, (r = 0.42, d f  
= 46, p  < 0.005) and between components X and 2 (r = -0.37, d f -  46, p  < 0.025). There 
was no intuitive reason why these components should be correlated, other than that they 

were repeated measures of subject's performance. However the main interest here was 

the difference between 3D and 2D. No strong claims were made about the differences 

between components, so they have been regarded as independent.
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Normal Probability Plots for Components
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Comp 1 Comp 2 Comp 3 Comp 4 Comp 5

Comp 2 -0.16
Comp 3 0.11 -0.26
Comp 4 0.09 -0.17 -0.31 *

Comp 5 0.42 ** -0.04 0.01 0.29
Comp X 0.17 -0.36 * — — 0.26

* Indicates statistical significance at 5% level.

** Indicates statistical significance at 0.5% level.

Table 21.1 
Correlation matrix o f task components.

The mean 2D-3D com ponent times are shown in figure 21.5 and table 21.2 gives 

the results of /-testing the hypothesis that these mean time differences were greater than 

zero. Note that 'Total' was the mean of the sum of components rather than the sum of

the com ponent means. Since there were missing values and the component means were

not based on the same num ber of observations, these were not necessarily the same.
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Figure 21.5

Table 21.3 shows the mean times (in seconds) for the components. Component 

X was the part of the task which required the most positional accuracy and showed a 

significant benefit from using 3D; an im provem ent of 17%.
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Component M ean 2D-3D Time 

(Seconds)
+ Standard Error N t P

1 2.7 ± 3 .5 47 0.76 0.23
2 3.7 ± 5 .5 47 0.67 0.25
X 18.2 ± 1 1 .0 46 1.72 0.04*
5 -2.7 ± 3 .7 48 -0.74 0.77

Total 23.8 + 13.0 45 1.82 0.04*

Table 21.2 

T-tests o f  mean 2D-3D times.

Component 3D M ean ±  Standard N 2D M ean ±  Standard N
Time Error Time Error

1 39.9 ± 3 .6 48 42.7 ± 3 .4 47
2 36.8 ±4 .1 48 40.7 ± 3 .3 47
X 103.1 ± 9 .8 46 124.7 ± 1 0 .0 48
5 2 0 .8 ± 3 .9 48 18.1 ± 2 .0 48

Total 2 0 0 .6 + 13.4 46 226.2 ± 12 .9 47

Table 21.3.
M ean component times

21.5.4.SeriaI Order Effects.

It has been suggested that stereoscopic television is particularly useful for 
viewing unfamiliar situations (e.g. Smith et al 1979). Here perhaps, differences between 
2D and 3D would be most pronounced in the early repetitions of the first session. 

However the cross-over nature of the experimental design did not allow a very precise 

comparison. Considering first sessions on their own, there were only three subjects per 
viewing condition, and the mean 2D and 3D times for each repetition did not show any 

recognisable trend, perhaps because of the large individual differences.

There may also have been a difficulty in that the effects were confounded with 
periodic effects arising from violations of the assumptions (a) that the plates were of 

equal difficulty to move and align with the rack, (b) that the directions were equivalent. 

For instance if the curved plate was considerably more difficult to align than the straight 
plate, the mean time for every other repetition would be increased. If both assumptions 

were violated the periodic pattern would be quite complex.
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For component X, which showed the largest percentage 2D-3D difference, a 
two-way analysis of variance showed that the directions from stand to rack and rack to
stand were not equivalent; moving a plate to the rack took longer than returning it to a 
stand (^1,89 = 17.1, p  < 0.001). However there was no statistically significant 
difference between the plates and no plate-direction interaction (Z71?89 = !•!» P> 0-5 and 
^1,89 = 3-4, p  = 0.07 respectively). There was also no interaction between direction and

viewing system; table 21.4 gives the mean times for each direction under 2D and 3D 
viewing.

Direction 3D Time ±  Standard Error 2D Time + Standard Error

Stand to Rack 125.4 ± 5 .8 158.7 ±  16.4
Rack to Stand 82.7 + 7.8 94.3 + 9.8

Table 21.4
Mean Time (seconds) fo r  component X fo r  direction and view

Adjusting component X for direction, a further analysis of variance showed that 
the effect of repetition was statistically significant (F'j j i  = 2.29, p = 0.04), but the

difference between sessions was not ( F i j i  = 1-0, P = 0-43). The analysis took into

account the expectation that for each subject performance in session 1 would be
correlated with performance in session 2 , but not necessarily with that of any other
subject in either session. It was also found there was no interaction between session and 
repetition (F~j j i  = 1.4, p  = 0.22). The two sessions were therefore pooled and the

combined 2D-3D times used. Precision was improved as data from all six subjects were 

used and the periodic effects of direction removed. Figure 21.6 shows mean 2D-3D 
time for each repetition of component X.

Calculating the linear regression of 2D-3D time on repetition showed that there 
was no linear trend; the slope was not significantly different from zero (F1 4 4  = 0 .8 8 , p

= 0.35). However a curve of the form:-

Time = a + b*e Repetition (27.7)

with the parameters a = 9.4, b = 443, c = 1.9, fitted the data somewhat better. 
This is the curve drawn in figure 21.6. The trend was not statistically significant (F2  4 3

= 2.04, p  = 0.12), unless the same curve was fitted to the mean 2D-3D time for each 
repetition (F2  5  = 14, p  < 0.01, whereas for the mean, the linear regression was not 

significant:- F j  g = 1.76, p  = 0.23 ). This suggests two things, first that the principal

difference between 2D and 3D was to be found in the first two repetitions, and second 
that thereafter the 2D-3D time was asymptotic to some small positive value. For this
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component,performance was always slightly better with 3D viewing.
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Figure 21.6
M ean 2D-3D Time fo r  Each Repetition o f  Component X.

21.5.5.Videotaped Subjects

Videotapes of two operators recorded during the trials showed that the 
supplementary view was used differently when the main view was 3D rather than 2D. 
With 3D the operators looked at the supplementary view for only a small percentage of 

the time. (See table 21.5.) A third operator was videotaped but showed a less marked 
difference between 2D and 3D. However he was perhaps not typical and had more 

experience of using orthogonal 2D viewing systems. He preferred to use a way of 

working which was familiar and ignored the depth information provided by the 3D 

view.

3D M ain View 2D M ain View

Op Main Suppl. Controls Other Main Suppl. Controls Other

1 94.9 <0 .1 3.9 1.1 61A 26.8 4.1 1.7

2 94.2 0 .2 4.2 1.4 52.8 38.6 5.8 2 .8

3 61.9 27.5 7.4 3.2 55.3 32.9 8.7 3.1

Table 21.5
Percentage o f  time spent looking at main view, supplementary view, controls and

elsewhere.
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The sample was too small for any reliable statistics, but suggested quite strongly 
that the depth information provided by the 3D view made the supplementary view 

largely unnecessary for this task. There was also no evidence to suggest that operators 
found the 3D system uncomfortable to watch; they did not frequently have to look away 
or peer into the display.

21.5.6.Questionnaire Results

All eight of the subjects answered the questionnaire. The following summarises 
the main findings

a) The part of the task perceived to be most difficult was driving the crane in a 
way which minimised swinging the plates. This required a fair degree of skill, but was 
independent of viewing system. Two out of the eight thought that joystick controls 
would have improved matters.

b) All except one of the subjects thought that they performed the task either 
slightly better or very much better when the main view was 3D. The exception found no 

difference. Slightly at odds with this, on a scale of 1 to 10 (10=extremely difficult) the 
median score for task difficulty was 4 for 3D and 5 with 2D, representing only a small 
difference; subjects thought that the task was no easier with 3D, but that they did it 
better.

c) Picture quality for both 2D and 3D views was rated highly. On a scale of 1 to 
10, where 10 equalled excellent both had a median score of 9.

d) With one exception, the subjects would have been happy to use the 3D system 

for extended periods of time. With 2D there were two exceptions.

e) In agreement with the videotapes, the supplementary view was used 

differently with a 3D and a 2D main view. On a scale of 1 to 10, where 1 = no use at all 

and 10 = absolutely essential, the median rating with 3D was 3 and with 2D, 8 .

f) Seven of the eight subjects thought that the display monitors for the main and 

supplementary views could have been better positioned. Particularly for 2D, the 

monitors should have been closer together. However they thought that the effect of this 

on performance was slight or that there was no effect at all. For the experimenter, 

placing the monitors closer together would have made the videotapes more difficult to 
analyse.

g) Finally, two subjects very much preferred using 3D, five slightly preferred 
3D and one slightly preferred 2D. The subject who preferred using 2D viewing was 

also the exception in d) who would not have been happy to use 3D for extended periods
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of time. He was also the subject in b) who did not think he performed the task better 
with 3D viewing and the third of those video taped. Although not stereo-blind, it is 
possible that he was somewhat biased against the use of 3D TV or had an undetected 
ocular muscle imbalance.

A number of comments made by more than 1 subject were noted: -

a) A wider angle of view, a choice of angles of view, or a zoom lens would have 
been desirable for the stereoscopic camera. (4 subjects).

b) 3D was preferred because it gives a better spatial sense. (4 subjects).

c) For 2D viewing plan and elevation views would have been preferred to those 

provided. ( 2  subjects).

d) For those who normally wore spectacles clip-on polarising spectacles, would 
have been more comfortable than wearing two pairs of spectacles. (2 Subjects).
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Chapter 22

22. Experiment 6: (Fuel Recovery from Windscale No. 1 Pile).

Experiment 6  was similar to the previous experiment, using the same 3D TV 

system and experimental design, but complementary in the sense that the main emphasis 

was on accuracy rather than speed of performance. The task was based on operations 
likely to be involved in the first stages of decommissioning Windscale N o.l Pile, which 
was severely damaged by fire in 1957. Given the delicacy of the task it is important that 
the viewing system will be appropriate; it is possible that some of the material inside the 
pile will be shock-sensitive and potentially pyrogenic.

Initial inspections of the pile discharge void have revealed a number of 

apparently intact fuel elements lodged in pipework associated with burst cartridge 
detection (BCD gear), other structures attached to the face of the pile and protruding 
from fuel channels. In the first stages of decommissioning, fuel elements which are 
clearly not connected to other elements will be recovered with a manipulator inserted 
into the discharge void from above. Television viewing may be provided by a camera 
attached to an articulated boom or second manipulator and probably an overview 
camera inserted from above. To simulate these operations a full scale mock-up of part 
of the discharge void has been built in building B2 at Windscale. With 2D television 
viewing the two views would be approximately orthogonal. Experiment 6  examined 
whether making the camera on the articulated boom 3D would improve the accuracy 
with which the manipulator could be manoeuvred.

Subjects were required to drive the manipulator from a known starting position 
to a position where the jaws could be closed on an object. They were instructed to do so 

without touching anything with the manipulator, and if they completed the task 
successfully, to give a rating of their confidence that the object would be picked up on 
closing the jaws. Subjects attempted the tasks using both stereoscopic and 2D television. 
It was expected that with 3D viewing fewer collisions would be made and positioning 
would be more accurate.

As in experiment 5 two subjects were videotaped performing the tasks to 

examine whether a single 3D view was sufficient to accomplish the tasks.

22.1.Manipulator.

The manipulator was a heavy duty, electric/hydraulic manipulator designed by 
CEGB Marchwood Engineering Laboratories. The joints could be considered 
anthropomorphically as shoulder, elbow and wrist (see figure 2 2 .1).
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The w hole m anipu lato r could  

be raised, low ered and 

rotated about the standpipe. 

The shou lder and elbow  

jo in ts w ere sim ple hinge 

jo in ts, w hilst the w rist could  

also be ro ta ted  about the axis 

o f the forearm . The tool arm , 

(i.e. the low er lim b below  

the w rist jo in t) cou ld  be 

ro tated  about its own axis so 

as to orientate the jaw s

independent o f the w rist 

rotation, and could  be 

extended over a range of 

about 100m m.

2 2 .1 .1 .M anipulator 
C ontrol System

The m anipulator was 

controlled  rem otely from  a 

room  at the top of the m ock- 

up facility  with no d irect

view of the task,The jo in ts 

were controlled  independently  by five proportional joysticks, som e of which were 

single axis controls, the rest two axes devices. There was no facility  for force reflection 

or resolved m otion control; the operator could not dem and a m otion o f the gripper in a 

particu lar direction leaving the control system  to sort out what com bination o f jo in t 

angles w ould achieve the desired effect. For these trials the shoulder jo in t was fully 

adduced so that the lim b from  shoulder to elbow  was vertical, and the elbow  jo in t 

w ithdraw n inside the standpipe. Subjects had control o f the fo llow ing  six m ovem ents, 

the rest being disabled:- manipulator azimuth, elbow bend, wrist bend, wrist rotate, tool 
arm extend and tool arm rotate.

2 2 .1.2.M anipulator Instrum entation

Each of the m anipulator axes were fitted with a potentiom eter. The voltages 

across the potentiom eters, proportional to jo in t angle or linear position in the case of 

tool aim extend, were displayed on digital panel m eters at the control desk. For the six

m ovem ents controlled by the subject these were also connected to an IBM PC /A T via

Stand  p ip e

S h o u ld er  j o i n t

Elbow bend Gr i pper

U r is t
bend

T ool arn r o t a t e
Elbow
j o i n t

T ool arn  e x te n d

U r is t  r o t a t e

U r is t  j o i n t

Az i nuth

Figure 22.1 
MEL Heavy Duty Manipulator
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an SB X  analogue to digital converter (ADC) board. The position of the m anipulator 

could  be logged at any time by recording the voltages, but when pow er was applied to 

the actuators there was some high frequency electrical in terference. H ow ever this could 

largely  be overcom e by averaging the voltages over about 1 second w hilst sam pling at 

about 500H z, or by turning off the m anipulator pow er w hen accurate m easurem ents 

w ere required. D uring a task the voltages were recorded every second, averaging over 

the second. To record  the position o f the m anipulator at the end o f a task eight readings 

w ere taken, about 1 second apart, w ith the m anipulator pow er turned off and averaged 

Thus the effects o f noise were v irtually  elim inated.

22.1.3. M anipulator Kinematics

To be able to analyse the accuracy with which the m anipulator could be 

positioned , the relationship  betw een the transducer voltages and the position of the 

m anipulator end effec to r had to be derived. A large num ber o f  slightly  different 

m anipulator configurations (and 

hence sets o f transducer voltages) 

could  have positioned the centre of 

the open jaw  in exactly  the same 

place. A lthough in som e of these 

configurations the task could not 

possibly be com pleted  successfully 

(because the forearm  w ould be 

inappropriately  orientated), there 

was nevertheless no unique set of 

voltages corresponding  to an ideal 

final position for each task.

22.1.3.1.C oordinate system.

The coordinate system  used 

to m easure the position o f the 

m anipulator had its origin at the 

poin t where the axis of the 

m anipulator standpipe m et with the 

floor. The z coordinate axis was 

parallel to the standpipe, the ;t-axis 

parallel to the longer side o f the 

task table (and therefore parallel to

the discharge face o f the pile core) M anipulator Co-ordinate System.
Figure 22.2
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and the y -axis parallel to the shorter side of the table (see figure 22.2). This is referred 

to as the world coordinate system. The axes were chosen to facilitate measuring the 
position of the tasks and simplify the co-ordinate transformations in calculating the 
manipulator configuration. The x, y  and z axes had no a priori significance.

22.1.3.2.End Effector Position.

The position, p, of the end effector (the centre of the jaws) in the world 

coordinate system was derived in terms of the joint angles (see appendix 4). This is 
given by:-

a  = £  . T (22.1)

where p  is the vector:- (x ,y , z, 1)

g  is the vector:-

(Ow+W • C° s w)»(1 w ^ t) • ̂ w )  • ̂ ("®r)»̂  w"^t)• ̂ ■w)  • Cos (-0r), 1)

and T  the matrix :-

Cos(0e).Cos(0a) Cos(0e).Sin(0a) Sin(0e) 0

-Sin(0a) Cos(0a) 0 0
^~~ -Cos(0a).Sin(0e) -Sin(0a).Sin(0e) Cos(0e) 0

le.Cos(0e).Cos(0a) le.Cos(0e).Sin(0a) h+le.Sin(0e) 1

Note that the shoulder joint played no part in this calculation. It was assumed 
that when the shoulder was fully adduced the elbow joint lay on the vertical axis of the 
manipulator standpipe. It was also assumed that the wrist rotated about the axis of the 

limb connecting the elbow and wrist joints, and the pivot about which it bent was

to, and not displaced from this axis. The manipulator parameters were:-

% = Manipulator azimuth. (degrees)

= Bend angle of elbow joint. (degrees)

er = Angle of wrist rotation. (degrees)

0W = Angle of wrist bend. (degrees)

le = Length between elbow and wrist joints. (cm)

Iw = Length between wrist joint and start of tool arm. (cm)

It = Length of tool arm. (cm)

h = Height of elbow joint above floor. (cm)

22.1.3.3.Voltages and Joint Angles.

The five voltages measured in millivolts for the variable manipulator parameters 
(tool rotation was not included in this model) were related to the parameters by the 
equation:-
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m = v. G.O (22.2)
where

V,
V,

a

m  was the manipulator parameter vector (0 a , 0 e, 0 r , 0 W, It, 1 ) 
v the voltage vector (Va> Vr> Vw, Vt> 1)

G the gain matrix:-

and O the offset voltage matrix:-

ga 0 0 0 0 0 ~
0 ge 0 0 0 0
0 0 gr 0 0 0
0 0 0 gw 0 0
0 0 0 0 gt 0

L  o 0 0 0 0 1 -

~ 1 0 0 0 0 0 —

0 1 0 0 0 0
0 0 1 0 0 0
0 0 0 1 0 0
0 0 0 0 1 0

-  oa oe or ow ot+l 1 —

V,

Vw = 
Vt
oa 
oe 
or 
ow 

ot

with:- 
= Azimuth voltage.
= Elbow voltage.
= Wrist rotate voltage.
= Wrist bend voltage.
= Tool arm voltage.
= Azimuth offset.
= Elbow offset.
= Wrist rotate offset.
= Wrist bend offset.
= Tool arm offset.

ga = Azimuth gain 
ge = Elbow gain 
gr = Wrist rotate gain
gw = Wrist bend gain 
gt = Tool arm gain 

(degrees w.r.t. datum when Va = 
(degrees w.r.t. datum when Ve = 
(degrees w.r.t. datum when Vr = 
(degrees w.r.t. datum when Vw = 
(cm w.r.t. datum when Vt = 0)

(mV/degree)
(mV/degree)
(mV/degree)
(mV/degree)
(mV/cm)

0 )

0 )
0 )
0 )

/ = Minimum length of tool arm. (cm)

At the time of the experim ent exact values for O and G were not known and no 

measurements of sufficient accuracy (to a few minutes of arc) could be made. However 
it was understood from staff at Windscale that the information did exist and could be 

made available for the analysis of this experiment. Alternatively, by simultaneously 
solving equations (2 2 .1 ) and (2 2 .2 ) for a number of calibration positions, i.e. where (x, 

y, z) and the corresponding (Va, Ve, Vr, Vw) were known with some accuracy, this 

information could be recovered, subject to the caveat that the angular parameters were 
sensibly constrained; equation (2 2 .1 ) would be satisfied if any or all of the angular 
parameter, 0^ were replaced (2nn +0/). An obvious constraint would be n = 0.
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22.2. Control Station Layout

Figure 22.3 shows the layout o f the control station and o f the joysticks. An 

engraved panel on the control desk showed a diagram  of the m anipulator, sim ilar to 

figure 22.1. In the d iag ram , the axes of m ovem ent were labelled to ind icate  their 

relationship  to the joystick  controls^ which were sim ilarly labelled. T he stereoscopic 

d isplay was placed slightly to the right of the operator, and a 15 inch JV C  m onito r for 

an the overhead view  of the task on top of the control desk. This arrangem ent w as not 

ideal, but since space around the control desk was lim ited and the desk could not have 

easily been m oved; im provem ent w ould have been difficult.

Figure 22.3 
Control Station Layout fo r  Experiment 6 .

The experim enter sat behind the subject and could see both display m onitors 

clearly. As in experim ent 5 a video cam era was used to recording subjects during a task. 

This was m ounted on a tripod placed on the control desk, next to the JV C m onitor.

The control room  was lit by overhead fluorescent tubes to about 100 lux and 

w indow s im m ediately behind the subject were blanked out to prevent reflections in the 

m onito r screens. H ow ever when the sun occasionally shone the room  becam e som ew hat 

lighter than this.
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22.3.The Tasks

There were three tasks, involving different objects set up on a table within easy 
reach of the manipulator. To reduce the possibility of damaging the manipulator or table 

in collisions with the manipulator, the table-top was isolated from its supporting frame 
by foam rubber blocks approximately three inches thick. Figure 22.4a shows the layout 
of the objects on the table.

The subjects were required to manoeuvre the manipulator from a known starting 

position (or more precisely a known set of transducer voltages) to a position where the 
manipulator jaws could be closed around an object. The jaws were never actually 
closed, so the subject had no feedback about the accuracy with which he had positioned 
the manipulator other than from the television viewing system.

a) Task 1: PIPE

In the first task the object was a length of copper pipe 43.1cm in length and 

44mm in diameter. This rested on top of a horizontal aluminium cylinder the size, shape 
and approximate weight of a fuel element. The aluminium cylinder was attached to a 
bracket representing one of the graphite boats to which fuel elements were attached. 
The pipe was approached with the manipulator jaws normal to its long axis with the aim 
of grasping the length which overhung the cylinder (figure 22.4b). The task was 
referred to as PIPE.

b) Task 2: VERTICAL CYLINDER.

The object in the second task was an aluminium cylinder balanced on its end, 
also representing a fuel element, but without the graphite boat. This was approached 

normal to its length above a line marked on the cylinder with adhesive tape (figure 
22.4c). This task was referred to as VERTICAL CYLINDER (or VERT). As the bottom 

of the cylinder was turned down to a diameter very much smaller than the rest of its 

length, balance was precarious and it was easy to knock over the cylinder with the 
manipulator.

c) Task 3: HORIZONTAL CYLINDER.

Finally, the cylinder lying on the table underneath the copper pipe was 
approached, parallel to its length with the aim of grasping it end-on. (HORIZONTAL 

CYLINDER or HORIZ; figure 22.4d).
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Task Table

PIPE Task

VERT Task

HORIZ Task

Figure 22.4 
Layout o f  Table and Tasks fo r  Experim ent 6 .
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22.3.1.Calibration Positions.

For the analysis of the final position data, voltages were recorded from the 
manipulator with the gripper ideally positioned for each task. The corresponding 

physical position of the manipulator jaw was measured relative to the task table, whose 

location was known relative to the facility walls. This gave three calibration positions 
where voltages and physical position could be related.

22.4.Camera Positions.

A floor plan of the B3 mock-up is shown in figure 22.5. The stereoscopic 

camera, on a tripod-mounted pan and tilt was about 180cm from the floor. This was 
known as the main view. With a 28° angle of view (18mm focal length lenses) most of 

the task table could be encompassed, but the camera had to be panned to see the 
manipulator wrist and elbow joints.

A monochrome 2D camera was placed above the task, pointed at the centre of 
the table. The camera position was fixed, but with a 15-70mm zoom lens gave an angle 
of view in the range of 8° to 32°- This represented the view from one of the inspection 
ports at the top of the discharge void, similar to the one through which the manipulator 
was inserted. The camera was not directly above the task table so the view was not 
without parallax between objects on the table and the manipulator.

Support pillar 
Y Axis Task Table

I  71cm

MEL 1.
Manipulator (©

Overhead cameraZ Axis
3D Camera

«5>l 188cm
Fill Light

Key Light Key Light

I  Height above floor0 0.5 1.0 I
Aproximate scale

Figure 22. $
Floor Plan o fB 3 Mock-up
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22.4.1.Task Lighting.

The mock-up was lit by four overhead high pressure sodium lamps and three 
additional 800 watt tungsten-halogen lamps shown on the floor plan. Whilst two of 
these were directed at the task, the third pointed at the white-painted back wall of the 

mock-up to provide diffuse lighting of the manipulator arm. The task was illuminated to 
200-300 lux and the manipulator elbow and wrist to slightly less. There were no strong 

shadows on the task table visible with either camera.

22.5. Subjects

Six male subjects aged between 19 and 41 years participated. On the Titmus test 
of stereoscopic acuity all scored 6  or above, and all except one, 6 /6  on visual acuity. 
The exception had an acuity of 6/12. By occupation they were engineering, technical or 

industrial staff at UKAEA Windscale Nuclear Laboratory.

Four subjects were naive as to the purpose of the experiment and had not driven 
the manipulator before.

22.6. Experimental Design

As in experiment 5, subject performance with two viewing arrangements was 
compared:-

(1) 3D main view + 2D overhead view.

(2) 2D main view + 2D overhead view.

Conditions (1) and (2) were also referred to as 3D and 2D viewing.

The naive subjects were divided at random into two groups, and the subjects 

experienced at driving the manipulator placed one in either group. Each subject 
attempted all three tasks once with 3D viewing and once with 2D in two separate 

sessions.

The tasks were always performed in the same order; the order in which they are
tn secfi'gyy ZZ' 3

described For the first group of subjects the first session was condition (2) and
the second condition ( 1), whilst for the second group condition ( 1) was followed by 

condition (2). For all except one subject the sessions were separated by at least three 

hours.
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22.6.1.Procedure.

At the beginning of the first session, the manipulator controls were explained 
with reference to the diagram on the control desk. The correspondence between parts of 
the manipulator seen in the television pictures and the diagram was pointed out, and the 
camera controls were explained.

The relationship between wrist bend, wrist rotate and tool arm rotate was 

explained; wrist rotate had virtually the same effect as tool arm rotate unless there was 
some wrist bend, i.e. tool arm rotate, rotated everything below the bend of the wrist 
joint, whilst wrist rotate also rotated the hinge part of the joint. Once the wrist had been 
bent, rotating the wrist joint would move the end effector through a considerable arc, 
whilst tool arm rotate would still only change the orientation of the gripper (see figure 
22 . 1).

All three tasks were explained and the subjects instructed to position the 
manipulator as accurately as possible without touching anything. They were told that 
the tasks were a mock-up of a real operation inside the pile core, and any major impacts 
could start a fire. The tasks were to be treated with the same respect. For the second 
session these instructions were briefly repeated. Before each task, the instructions 
specific to that task were repeated. Data was logged during a session with a programme 
(written in Microsoft C V5.1) on an IBM PC/AT.

Some subjects had difficulty driving the manipulator to anywhere close to the 
tasks. Where the difficulty was clearly in operating the manipulator rather than viewing, 
hints were given about which joints to move. A subject indicated that he believed the 

manipulator to be positioned as accurately as possible by depressing a button on the 
control desk which switched off power to the manipulator. The experimenter stopped 

the timing program and the computer recorded the voltages for manipulator final 
position. After obtaining a confidence rating from the subject, the manipulator was 

returned to the starting position. If it became clear that a task could not be completed 
successfully the attempt was abandoned, if necessary the table reset, and the next task 

attempted.

22.7. Results and Analysis.

A number of results (e.g. tasks completed and number of collisions) are 

presented as contingency tables. It is possible that there may have been no overall 
difference between viewing systems but an interaction between viewing system and 
task; i.e. 3D was better than 2D for a particular task, but the reverse was true for a 

different task. As in book 1, the tables were analysed by log-linear modelling using the
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Royal Statistical Society package GLIM. This produced a test statistic (maximum 
likelihood ratio, G) which was distributed as chi-squared, the larger G, the poorer the fit 

of the model. This had the advantage over Pearson's chi-squared of being additive over 
sub-tables. The change in G when a sub table was included indicated the importance of 

that table to the model.

GLIM was also used for a two-way analysis of variance of time taken to 
complete a task with viewing system and task. For task times, the repeated measures 
nature of the experimental design was ignored and the experiment treated as if it were 
factorial; as if for a particular subject, time with 3D was uncorrelated with time taken 
using 2D. In practice this simplification will not make much difference if the data are 

homogeneous, or if the main effects are massively significant. In borderline cases 
statistical significance will be underestimated. It may also happen that for each subject 

these times were indeed uncorrelated.

22.7.1. Tasks Completed.

The positions of the objects on the table were marked with adhesive tape. A task 
was considered successfully completed if none of the objects were displaced from their 
marked positions. In practice, collisions of the manipulator with the table top or any of 
the objects caused the vertical cylinder to fall over. Less forceful collisions displaced 
only the object touched and light touches did not displace any of the objects. Thus to 
some extent a subjects positional errors were reflected in the number of tasks 
successfully completed.

Table 22.1 gives the number of tasks successfully completed with each viewing 
system. Since there were six subjects, the maximum number in each cell of the table is 

6 .

Task 2D 3D

PIPE 6 6

VERT CYLINDER 4 3
HORIZ CYLINDER 5 4

Table 22.1
Tasks successfully completed, (six subjects).

Fitting the null model, that the table was entirely homogeneous, gave a value for 
G of 1.60 with 5 degrees of freedom. Comparing with the appropriate y }  value, 11.07, 

this was not statistically significant at the 5% level, indicating that there was no 
difference between tasks or viewing systems and obviously no contingency.
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A similar result was found for the 3 way table of task by viewing system by 
session (G -3.2 with 11 degrees of freedom, %^=19.68 at 5% level) indicating that 

successful trials were uniformly distributed between the sessions.

22.7.2.Number of Collisions.

Collisions which did not lead to abandonment of the task (i.e. light touches) 

were recorded by the experimenter depressing a key on the computer keyboard. This 

relied on the experimenter's judgement, based on the same television views provided for 
the subject.

All the collision data from one subject had to be discarded. It was apparent from 
the record of joint voltages that the experimenter had not recorded the completion of 

one task (VERTICAL CYLINDER, 3D) and the start of the next (HORIZ. CYLINDER, 
3D). Table 22.2 gives the number of collisions made with 2D and 3D viewing. 

Collisions were included regardless of whether the task was completed successfully. If 
the task was not completed, the collision which led to a task being abandoned was 
included. Unsuccessful attempts were included for the following reasons:-

(1) Consider the case where a particular task was never completed successfully with 
one viewing system, but was always completed with the other. If the unsuccessful 
attempts were not included, the viewing system for which there were no successes 
would also show no collisions. For the other viewing system some collisions might 
be recorded. It would appear that performance with the former system was superior 
to using the latter when in fact the reverse had been true. Although the number of 

tasks completed did not in fact depend on the viewing system, this would still be a 

problem if the number of collisions per attempt varied greatly between viewing 

systems.

(2) More of the data could be used.

Task 2D 3D

PIPE 5 4

VERT CYLINDER 11 12

HORIZ CYLINDER 8 12

Table 22.2 
N um ber o f  collisions (5 subjects)

The G statistic for table 22.2 was 7.90 under the null model that there was no 

difference between tasks, no difference between viewing systems and no interaction.
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This had 5 degrees of freedom and when compared with the appropriate %2 value was 

not statistically significant.

22.7.3.Time to Complete the Tasks.

It is possible that although instructed not to rush, subjects traded off accuracy 
for a fast performance or vice-versa. A quantitative comparison of for example, the 

number of collisions would be misleading where the times taken were vastly different.

Table 22.3 gives the mean time taken to complete the tasks with 2D and 3D 

viewing. Data have been discarded, as in the previous section, for the one subject where 

the end of the second task was not recorded. However here, data from the first task 

could be included since only the mean time was of interest and the third task for this 
subject would not have been included anyway as it was never completed.

Task N 2D M ean Time 
(Sec)

± S td .
Dev.

N 3D M ean Time 
(Sec)

+ Std. 
Dev

PIPE 6 425.5 ±  177.0 6 357.8 ±  199.0
VERT 4 338.7 ±136.1 2 247.0 ±  127.1

HORIZ 5 428.4 + 136.7 3 535.7 + 357.0

Table 22.3 
M ean time to complete tasks

In a two-way analysis of variance for the time data the main effects, task and 
viewing system, were not statistically significant (^2,20 = 0*65 and F \ 2 0  = 0.57 
respectively). Similarly there was no statistically significant interaction (^2,20 = 0-08 ).

The extremely small F ratio for the interaction of task and viewing system may 

indicate that the simplified model used in the analysis was not appropriate. However it 

was possible to test whether a ratio this small could have occurred by chance by 
comparing the reciprocal ratio with an /  distribution with the degrees of freedom 
swapped round. In this case (^20,2 =12.5, ns) the ratio could have arisen by chance.

22.7.4. Confidence Ratings.

After each successfully completed task, subjects expressed their confidence that 
the jaws of the manipulator could be closed on the required object by giving a number 
in the range of 1 to 5. Five meant absolutely certain, and 1 little possibility. Mean 

confidence ratings are given in table 22.4.
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Task N 2D M ean 
Rating

±  Std. 
Dev.

N 3D M ean  
Rating

+ Std. Dev.

PIPE 6 4.66 ± 0 .5 2 6 4.60 ±0.57
VERT 4 5.00 ± 0 3 5.00 ± 0

HORIZ 5 4.40 + 0.89 4 4.25 + 0.96

Table 22.4 

M ean confidence rating.

No statistical analysis was attempted for the second task as all the ratings were 
the same. For the first and third tasks t tests were not statistically significant (<t = 0.29 d f  
= 10 and t = 0.24 df=  6.3 respectively).

22.7.5.Videotaped Subjects.

For the two subjects videotaped during the trials table 22.5 gives the percentage 
of time they spent looking at the main view, the overhead view, and the controls or 
elsewhere.

Subject Subject 1 (% Time) Subject 2 (% Time)

Viewing PIPE VERT HORIZ PIPE VERT HORIZ

2D
Main View 

Overhead View 
Controls & Other

61.5

17.8
20.7

41.4

38.7
19.9

43.3
38.0
18.7

59.8
27.6
1 2 .6

45.5
43.7
10.7

60.8
25.3
13.9

3D
Main View 

Overhead View 

Controls & Other

83.2

0 .0

16.8

8 6 .0

0.3
13.7

78.6 
6 .8

14.6

75.8
7.0
17.2

71.1 
19.8
9.1

64.9
25.5

9.6

Table 22.5
Percentage time spent looking TV  monitor and controls.

There were large differences between 2D and 3D in the way in which time was 

divided between looking at the main and overhead views, but the sample was too small 
for reliable statistical analysis.

22.7.6.Final Position.

At the end of a task the computer was used to record the transducer voltages for the six
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movements controlled by the subject. From these the position of the manipulator jaws 
relative to the objects on the table could be calculated. Positional accuracy would be 
reflected in the variability of these positions.

22.7.6.1.Statistical Estim ation of G and  O

Since it was originally understood from Windscale staff that information about 
the manipulator calibration could be made available, only three calibration positions 
were recorded. These were the ideal final positions of the manipulator for each of the 

three tasks. The voltages for the start position were of course known, but the position 

was measured only approximately. Unfortunately, this information eventually turned 
out to be of little use and since there were ten unknowns in equation (2 2 .1) and only 
nine knowns, the x, y  and z coordinates for each calibration position, equations (2 2 .1 ) 
and (2 2 .2 ) could not be solved to recover the correct calibration.

However information about the orientation of the tool arm could be 
incorporated into the model. If g  were replaced in equation (22.1) by _g\ where _g' = (0, 
0 , 0 , 1), p  became the position of the wrist joint:-

£ ' =  _g!. T (22.3)

The tool arm orientation could then be represented by the vector r , where:-

L = p - p '  (22.4)

If the orientation of the tool arm were known, it would be possible to calculate 
G and O from only three calibration positions by solving (22.1), (22.2) and (22.3) 
simultaneously for these positions. As it was not anticipated that the wrist positions 
would have to be measured, there was still not enough information to calculate G and 

O , but values for r could be estimated from (3D) videotape recorded at the time. A

statistical approach was therefore adopted to calculate the best approximations for G
and O. Essentially this involved constructing a function which corresponded to the error 

between a measured position and estimated orientation and the position and orientation 
calculated for a particular G and O. This function, given suitable seed values, was 

minimised with respect to G and O, and the values which gave the minimum error taken 

to be the best estimates.

The positional error for each calibration position was defined as the function:-

Ep = ( m - R ) 2 (22.5)

where p  was defined by equation (2 2 .1) and m was the measured position.
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The orientation error was defined as the function

Eo = ( r A s)2 (22.6)

where s. was the estimated orientation for the position and the operator A

indicates the vector product. If two vectors are parallel (or antiparallel) their vector 
product is 0. If the vectors are not parallel the vector product is a third vector, normal to
the plane containing the first two, whose length depends on the sine of the angle
between them, and the length of the two vectors.

To reflect the confidence with which the orientations could be estimated from 
the videotapes, the length of the vector s was adjusted for each position, and r was 
scaled to have an arbitrary length of 100cm irrespective of the length It. The shorter the 
vector s. the smaller the error term generated by variations in orientation. Table 22.6 
gives the length of £ for the three calibration positions.

Calibration Position Length o f  s

PIPE 35cm
VERT. 6 6 cm
HORIZ. 95cm

Table 22.6 
Adjusted lengths o f  orientation vector s.

The overall error function was:-

Et = Ep + W.Eo (22.7)

summed over the three calibration positions.

W  was a weighting parameter, initially set to 1, which could be used to adjust 

the relative emphasis given to the orientation information.

The optimisation was implemented as a FORTRAN program on the Amdahl 
mainframe computer at the University of London Computer Centre. Minimisation of the 
error function with respect to the ten unknowns was carried out using subroutines from 

the MINUIT software package available from the CERN Computer Centre program 

library (James and Roos 1985).

Two minimisation procedures were used which attempted to find a global 
minimum of the function Et. The first, know as Simplex minimisation, used the method 

of Nelder and Mead (1964), the second, a procedure called Migrad based on a variable
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metric technique due to Fletcher (1970). Simplex minimisation is fast and reasonably 

stable when the starting point is very far from the minimum, but does not calculate the 
covariance matrix of the parameters with respect to the function minimised. The 
procedure Migrad is extremely fast close to the minimum, but slow if the function is 
badly behaved. Migrad also calculates the covariance matrix.

After reading data for £ , m and s at each of the three calibration positions, 
Simplex minimisation was attempted from an initial estimate for G and O. If the 
procedure converged the improved estimates of G and O were used as a basis for 

Migrad minimisation. If Migrad converged a third MINUIT subroutine was be called, 
which attempted to test whether the minimum was a global minimum. This invoked an 
algorithm by Goldstein and Price (1971) which, starting from a known local minimum 
and covariance matrix, "removed" the minimum by dividing out the quadratic terms. 
Simplex minimisation followed by Migrad minimisation was attempted again on the 
transformed function. If the same minimum was found after repeating this procedure a 
number of times it was considered to be a global minimum. Note that this required the 
covariance matrix be calculated, and therefore could not be attempted unless the initial 
call to Migrad had terminated successfully.

Although the Simplex minimisation always converged, Migrad could only be 
made to converge by making the constant W, which determined the emphasis given to 
the orientation information, very small. This corresponded to the earlier situation of 
having fewer pieces of information then there were unknowns. The results were 
therefore considered unreliable. In addition, substituting the estimated values for O and 
G into equations (22.1) and (22.2) and using v obtained from one set of subject data 
resulted in a calculated z coordinate lower than the top of the table where in reality this 

subject had successfully completed the task! It appeared that the calibration data could 

not be recovered.

However the aim of this analysis was to compare the accuracy with which the 

manipulator could be positioned relative to a fixed object whilst using either of the two 

different viewing arrangements. All the subjects who completed a task successfully, by 
definition, positioned the manipulator jaws somewhere close to the ideal position 

(which had been recorded as a calibration position). It was therefore reasonable to 
suppose that the mean position achieved in these attempts closely approximated the 

ideal position. Since the physical measurement of the calibration positions may have 

been subject to error, (which could not be estimated) the calculated mean was in fact 
probably a more accurate measure of position. If the final positions, in x, y  and z were 
calculated for each successfully completed task and divided into two groups, 2D and 

3D, the positional variance of each group from the overall mean would reflect the 

accuracy achieved with that viewing system -the larger the variance the lower the
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accuracy. The variances could be compared using conventional statistical techniques. 
Based on this argument, the optimisation procedure was repeated, summing Et over all 
the sets of voltages recorded for successfully completed tasks rather than just the 
calibration positions. Values for x, y  and z, were the same as before; those measured for 

the calibration positions.

Close inspection of the transducer voltages recorded while the manipulator was 
in motion revealed that the wrist rotate transducer was poorly adjusted; maximum travel 

of the potentiometer was reached before maximum mechanical rotation. Since the 
potentiometer had no end stop this resulted in the potentiometer wiper contacting the 
minimum voltage end of the resistive track when it should have contacted the maximum 
end. This was clearly indicated in the data by swings from maximum to minimum 
voltage in the space of two consecutive reading of the A to D converter (i.e. 1 second) 
following a steadily increasing voltage. Fortunately, this had happened only in three of 

the datasets for final position, only one of which was for a successfully completed task. 

Discarding data from this attempt, and an attempt where the experimenter failed to log 
the end of the task, allowed 26 final positions to be included in the optimisation. Eight 
sets of voltages were recorded for each final position (about 1 second apart) so there 
were 208 sets of voltages in all. Since the problem was no longer underspecified, and 
there would have been considerable difficulty in estimating the orientation for each set 
of voltages, the constant W was set to 0 and only the positional part of the error 
function, Epy was used. Both Simplex and Migrad minimisation now converged, with a 
reliable indication that the minimum was a global minimum. The minimum value of Et 
was 24047.4.

Using the estimated values of G and O p  was calculated for each attempt at a 

task from equations 22.1 and 22.2 with a spreadsheet programme (Quattro) on the IBM 

PC/AT. For the successful attempts (2D and 3D) mean x, y and z components were 
calculated. If the optimisation had resulted in sensible values for G and O, these should 

have been close to the measured positions. Table 22.7 shows the comparison. The 
agreement between the calculated means and the measured positions was good. Two 
entries in table 22.7 marked with an asterisk, were only just outside the 95% Cl and 

well within the 99% Cl. Only the entry marked ** could be considered statistically 

significantly different from the calculated value. Similarly, the positions calculated from 

the voltages recorded at the calibration points agreed well with the means in table. It 
therefore appeared that the values of G and O were plausible. For the PIPE task the 

error was probably in the original measurement of the task position rather than the 
calibration parameters.
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Task Axis N M ean (cm) Variance ± 95%  CI M easured
(cm)

PIPE X 11 143.90 5.50 ±1 .58 135.1 **

y 11 46.04 26.39 ±3.45 45.4
z 11 84.82 12.93 + 2.42 87.7 *

VERT X 6 157.90 1.30 ±  1 .2 0 158.9

y 6 55.09 16.03 ± 4 .20 52.9
z 6 91.30 13.73 ± 3 .89 92.8

HORIZ X 9 121.30 14.51 ±2.93 125.1 *

y 9 41.75 13.79 ± 2 .89 42.0
z 9 77.24 17.48 + 3.21 75.4

Note:-
1) The 95% Confidence Interval (Cl) refers to the mean and is based on the t 
distribution. Where n is small this is preferable to using the normal distribution.

™ ™ /Variance95%CI = ± T (n_]) 9 7  5 % -\J  "

2) * indicates that the measured value is not included in the 95% Cl but is included in 
99% CI.
3) ** indicates that the measured value is not included in the 99% CI.
4) The units of variance were cm 2 and the square root gave the RMS positional error 
in cm.

Table 22.7
Comparison o f calculated mean, and measured positions.

22.7.6.2.PositionaI Accuracy by Task and Coordinate Axis

Dividing the data into groups, for 2D and 3D by task and axis, variances from 
the overall means were calculated. These are given in table 22.8. The F value was the 

ratio of the variances, larger over smaller. The probability, p , of a ratio of this size 
occurring by chance was obtained by comparing F  with the tabulated values of the f 

distribution. Only two of these results were statistically significant, the y  and z axes for 

the HORIZ task, but not strongly so (i.e. not significant at p < 0.001). Note that when 

the number of degrees of freedom in the denominator is small, F needs to be very large 
for a statistically significant result. Although for the VERT task position in the y  axis 

was nearly 70 times more variable with 2D than with 3D, the critical value for statistical 
significance was 215.

204



Task Axis N 2D Variance N 3D Variance F P

PIPE X 6 4.03 5 7.26 1.80 ns

y 6 25.46 5 27.51 1.08 ns
z 6 19.83 5 4.66 4.26 ns

VERT X 4 1.85 2 0 .2 2 8.41 ns

y 4 23.87 2 0.35 6 8 .2 0 ns
z 4 14.90 2 11.38 1.31 ns

HORIZ X 5 6.57 4 24.44 3.72 ns

y 5 3.13 4 27.11 8 .6 6 <0.05
z 5 3.40 4 35.09 10.32 <0.05

Table 22.8.
Positional accuracy by task and coordinate axis.

22.7.6.3.Positional Accuracy by Coordinate Axis

Table 22.8 was collapsed over the three tasks by pooling the variances. This 
amounted to taking the average variance within each axis, weighted by the 
corresponding number of entries for that task:-

Axis N 2D Variance N 3D Variance F P

X 15 4.29 11 12.23 2.85 <0.05

y 15 17.59 11 22.42 1.27 ns
z 15 13.04 11 16.95 1.30 ns

Table 22.9 

Positional accuracy by coordinate axis.

For the x axis combined over the tasks, 3D was more variable than 2D and the 

difference was statistically significant but not strongly so.

22.7.6.4.Positional Accuracy by Task.

There were two ways in which table 22.8 could have been collapsed over the 

axes x, y  and z for each of the tasks. If it was assumed that errors were generated by the 

same process acting independently in each axis (e.g. random scatter in three 
dimensional space), then the variances of x, y  and z would be independent estimators of
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the process variance. However if the errors were not generated by such a process, but 
were instead resolved components of a process which acted anisotropically, then the 
variances of x,y and z could not be regarded as independent. In the former case variance 

would be pooled over the axes, in the latter the variances would be added.

In reality there would be no change in the F  ratio, but only in the degrees of 
freedom of the distribution with which F  was compared; the former case would have 3 

times as many as the latter for both the numerator and the denominator. The latter case 
would give a more conservative estimate of significance - if this was significant then 
pooling the variance would certainly give a significant result, but not necessarily vice 
versa. To chose between these possibilities the correlation matrix of errors in x, y  and z 

was calculated. This is given in table 22.10 and supports pooling the variances as the 
errors were essentially un-correlated.

Axis X y

y -0.19

z 0.33 0.44

Table 22.10 
Correlation o f  errors in x, y  and z directions.

The resulting pooled variances for each task are given in table 22.11. For the 
task HORIZ the final position was significantly more variable with 3D viewing than 
with 2D. There were no other statistically significant results. This was also true using 
the more conservative approach of adding the variances, but HORIZ was then 
significant only at p < 0.05.

Task N 2D Variance N 3D Variance F P

PIPE 18 16.44 15 13.14 1.25 ns

VERT 1 2 13.54 6 3.98 3.40 ns
HORIZ 15 4.37 12 28.88 6.61 <0 .0 0 1

Table 22.11.
Positional accuracy by task.

22.7.6.5.0verall Positional Accuracy.

Finally, an overall comparison was drawn by calculating the F  ratio when table 

22.8 was collapsed over both axis and task. Table 22.12 shows this result with the axes
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pooled as for table 22.11. Since the ratio F was not statistically significant for this table 

it also would not be for the more conservative estimate obtained by adding the 
variances.

View N Variance F P

2D 44 11.64 1.48 ns
3D 33 17.20

Table 22.12 

Overall positional accuracy.

22.8.Discussion.

As reflected by variances about the mean position, no overall difference was 
found in the accuracy with which the manipulator could be positioned. However for one 
of the three tasks, the horizontal cylinder, accuracy was significantly better with the 2D 
viewing system. This appears largely to have been due to components in the z and, to a 
lesser extent, in the y  directions of the world coordinate system. However the axes did 

not correspond to any natural orientation with respect to the 3D camera, for instance 
where the z axis represented depth into the scene along the line of sight. Errors due to 

imprecision or anomalies of depth portrayed by the 3D TV system would have resulted 
predominantly in errors in the x  and y  axes rather than in the z axis (which corresponded 

to height above the task table). The result is therefore not readily explained by 
deficiencies of the viewing system.

Consideration of the time spent looking at each of the camera views (table 22.5) 

suggests a plausible explanation. When the main view was 3D, subjects used this view 

predominantly; when the view was 2D they were forced to use the overhead camera for 
position information in the x-y plane. There was a limit to the depth resolved by the 3D 

camera, which depended on distance from the camera; the further away the task the less 

depth was resolved. For the HORIZ task the jaw opening was parallel to the table top 
and the task was furthest away from the camera. It is possible that subjects needed to 
see the full width of the jaw opening to judge the location of the centre of the jaws in 
the x-y plane because of this effect. When the manipulator was lowered so that the jaws 

passed either side of the cylinder the far jaw would be occluded and much of this 
information about the x-y position lost. Subjects would either have been forced to use 

the overhead view or been inclined to stop short whilst the far jaw was still visible. The 
latter would explain the errors in the z direction.
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There are several reasons why this experiment may not have shown 3D TV in its 
best light. The positional accuracies achieved were probably close to the maximum 
possible with this manipulator. The manipulator was supported only at the top of the 
standpipe and could easily be set swinging as much as 2 0 cm to and fro at the task table. 

Oscillations took a long time to die down and this could easily have masked subtle 

differences in performance. The control system was awkward and not intuitive; 

inexperienced operators often had difficulty in deciding which of the six controls would 
have the desired effect, or for instance what combination of controls was needed to 
make the jaws move to the left in the TV picture. This may have been reflected in the 

final position, where subjects could see that a position was not ideal but would accept it, 
being unable to see how it could be improved. Similarly the number of collisions and 
tasks completed may have been affected when subjects resorted to a trial and error 
approach to working out which joystick to move; collisions may not always have been 
the result of an inability to see what was going on!

On reflection, number of collisions may have been a flawed measure of 
performance. In counting collisions the experimenter relied on the same viewing system 
as the subject. Although most of the time collisions were easily noticed, it is possible 
that the number of collisions was underestimated. There may have more collisions with 
2D (or equally 3D) viewing but deficiencies in the viewing system which lead to 
collisions in the first place may have allowed then to go unnoticed. Equally, the 
confidence ratings may not have provided very much extra information; once a subject 
decided that a task had been completed, almost by definition he was highly confident 
that the jaws could be closed on the object.
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Chapter 23

23. Conclusions

Previous evaluations (chapter 20) have examined whether it is possible to 
improve operator performance in remote operations by using 3D TV rather than a single 

2D view. This study compared 3D TV with orthogonal 2D viewing (the optimal 2D 

configuration), and by using a better 3D TV system than earlier evaluations removed 
some of the doubts about previous results. It was expected from the outset that 
differences would be smaller than in comparisons with a single 2D view, but in many 
cases real operations would not be attempted without more than one (2D) view.

In experiment 5 the use of 3D TV gave a worthwhile and statistically significant 
improvement for part of the task. This was the one which required the most positional 
accuracy and with 3D the mean time was 17% faster. Considering the slow speed with 
which the crane moved and the relative clumsiness of the controls this was a relatively 
large margin. For a more dextrous task the margin might have been wider. In 
experiment 6 , which looked at accuracy, little evidence was found for any difference in 
subject performance between the 2D and 3D viewing; no difference was found in the 
number of successfully completed tasks, the number of collisions did not depend on the 
viewing system, and the time taken to complete a task did not vary systematically. 
However the awkwardness of the manipulator control system may have masked subtle 
and not so subtle differences due to the viewing system. There were also no grounds to 
argue that 3D (or 2D) viewing made the operators more confident about their 
performance, nor that their confidence of success was out of proportion to their 
performance. It was not possible to demonstrate conclusively that 3D TV was 
particularly useful in an unfamiliar situation or during the initial learning phase, but 
results in experiment 5 were consistent with this supposition. With hindsight, such an 
effect would have had to be very pronounced to be apparent with the experimental 
design used here.

Experiments 5 and 6  did show that the advantages of 3D TV were task 

dependent. In a similar experiment at Chalk River Nuclear Laboratories, Canada, with 
the same 3D TV system (Dumbreck et al 1991) performance was both faster and more 
accurate than with orthogonal 2D viewing (or any other 2D arrangement). In this 

experiment the task was to manoeuvre a vertical rod held by a dextrous manipulator 
along a pre-determined path through an array of vertical pipes. The rod was then 
inserted into a specified pipe. With 3D the task was accomplished 2.5 times faster, and 

there were less than one third the number of collisions with the pipes. Clearly, if the 
difficulty is in controlling the manipulator rather than seeing where the end effector is, 

3D TV will offer less advantage. With a more dextrous manipulator performance will 
benefit, but if the manipulator is very sophisticated with good force feedback, and the
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task highly repetitive the advantage may diminish as visual feedback becomes relatively 
less important. Although this is intuitively obvious, if the cost benefit of using 3D TV 
for remote operations (good systems are expensive!) is to be calculated,further work is 
required to establish exactly which sort of tasks, or task componentSjWill most benefit.

Videotapes of subjects recorded in both experiments clearly indicated that a 

single 3D view was almost entirely sufficient whereas both of the 2D views were 
required to complete the tasks. Had these trial compared performance using 3D TV with 
a single 2D there may well have been large differences. This is an important plus for 3D 

TV, that a single view may be sufficient and camera position is less critical. For a 
system using two 2D cameras care is required in positioning the cameras so that they 
provide complementary views. Parallax errors between manipulator and the task can be 
a problem if the cameras are not orthogonal and perceived camera position is distorted 
by using long focal length lenses. An observation from experiment 6  provides a good 
example. When the opening of the manipulator jaw was aligned with the pipe, in the 3D 
view the end of the pipe appeared closer to the camera than the manipulator jaws, but in 

the overhead view it appeared not to be and was obscured by the jaws. There was no 
anomaly in the 3D viewing system, but the inconsistency was explained by parallax. 
The overhead camera was not directly above the task table and using a long focal 
length lens so that the table entirely filled the TV screen, this was not readily apparent. 

The discrepancy was due to the camera not being positioned exactly where it was 
imagined to be.

Answers to the questionnaire in experiment 5 and subject comments in both 
experiments indicated that the stereoscopic system was well liked and comfortable to 
view. However, as in book 1, no long term effects were investigated - whether the use 
of 3D TV for extended periods would have adverse effects on visual performance, or 

cause greater fatigue than any other type of TV display. With a well set up 3D system 

this is unlikely for operators with normal binocular vision, but should be the subject of a 

future investigation. Similarly, as 3D TV becomes increasingly widespread more 

sophisticated testing operator's binocular vision may become necessary. A small number 

of individuals may score well on the Titmus test (for example), but have anomalous 

fusional or accommodative convergence responses (due to problems of eye muscle 
balance, -excessive phorias, etc). For these individuals it is possible that even the best 

3D TV system may cause some visual discomfort or fatigue. In a larger pool of 

operators it is more likely these vision defects and stereoblind individuals will be 

encountered.

For other applications in WAGR decommissioning (investigated since 

experiment 5) it has proved practically impossible to obtain two satisfactory 2D views, 
making a large number of tasks extremely difficult without 3D TV, even though they
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m ight not be performed very much quicker than with optimal 2D viewing (Perrott 

1991). There is a growing body of anecdotal evidence of this kind from W A G R , where 

3D TV  has now been firmly accepted for operations in cutting and dism antling the 

pressure vessel. In many cases the most important advantage of 3D TV  may be the 

sufficiency of a single (3D) view. Future evaluations of 3D TV should aim  to quantify 

these less tangible benefits and test more rigorously viewing com fort in the longer term.

Finally, subjects suggested two main improvements; that the cam era should have 

a zoom  lens, or switchable angle of view, and that clip-on polarising glasses should be 

provided for spectacle wearers. A zoom lens stereo camera is already under 

developm ent (Scheiwilier et al 1991) using microprocessor control and custom  designed 

optics. Clip-on polarising glasses can now be supplied.
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Al. Statistical Methods
Appendix 1

Statistical analysis was used to disentangle the effects of experimentally 
controlled variables from measurement errors, and from the variability of responses 
between subjects. The following is a brief outline of the statistical techniques used. 
More details can be found in most statistics textbooks (e.g. Armitage 1971, Moroney 
1979, Montgomery 1976) or in the documentation accompanying the statistical software 
used (e.g. Dixon 1981 for BMDP, Ryan et al 1985 for Minitab, Aitkin e t al 1989 for 

GLIM.)

A l.l The Normal Distribution

Measurements of an experiment variable (e.g. time taken to perform a task) will 
have a characteristic distribution - a histogram of the number of times the variable has 
each value will have a distinctive shape. Many continuous variables have an 
approximately symmetrical, bell-shaped distribution, known as the Normal distribution. 
The variable is measured most frequently to be close to a central value and less 
frequently some distance away in either direction. Two important parameters summarise 
the distribution; the mean and the variance. The mean corresponds to the central value 

of the distribution, calculated by adding together all the measured values and dividing 
by N , the number of observations. The variance is a measure of the width of the 

distribution and is calculated by subtracting the mean from each value, squaring, 
summing over all the values and dividing the result by N. (However for small N  - less 

than about 2 0  - where the variance of a total population is estimated from the sample 
data, a better estimate of the variance is obtained by dividing by N -l). The square root 

of the variance is known as the standard deviation (in engineering terms, the root 

mean square error). Theoretically, for a normal distribution the interval of the mean ±  

one standard deviation (SD) includes 6 8 % of the data points.

If the mean is calculated for a number of samples of size N  from the same 

normally distributed population the means will also be normally distributed. The mean 

of this distribution will be the same as the overall population, but the distribution will 
be narrower. Analogous to standard deviation, the standard error of the mean gives 

an indication of the variability of the sample means (as in sections 8.4.2 and 21.5.4). 
This is calculated by dividing the standard deviation by the square root of the N , the 

number of data in each sample.

A normal distribution can be scaled using the mean and variance so that the area 

under the curve is 1 and the mean is 0. This gives a probability distribution which can 

be used to calculate the probability of obtaining a measurement at any arbitrary distance
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from the mean. In fact this is the basis of many tests for statistical significance and it is 

therefore often important that the data are normally distributed. Where appropriate, the 
normality of the data can be tested by plotting on special graph paper where the interval 
on the ordinate axis is proportional to the corresponding area under the Normal curve - 
the cumulative probability (e.g. see figures 21.4 - 21.6). If the data are normally 

distributed this will be a straight line; deviations from a straight line can also suggest 
transformations to normalise the data (e.g. square root or take logarithms of the data).

There are other important statistical distributions appropriate to other types of 
data - the Poisson and Binomial distributions for discrete data, and several distributions 
derived from the normal distribution, e.g. the F  distribution, used in testing the 

statistical significance of experimental results.

A1.2 Statistical significance

In most statistical tests it is first supposed that there was no difference between 
samples, experimental condition, processes, etc. - the Null Hypothesis. If the probability 
calculated on this basis of obtaining the actual result (p value) is smaller than some 
critical value, the result is considered statistically significant; ie it is highly unlikely that 
the Null Hypothesis was true and the result occurred by chance. The critical value or 
level of significance is often expressed as a percentage; the smaller the percentage the 
higher the level of statistical significance and the less likely the result was a fluke. The 
question asked by the statistical analysis is also important; a one-sided test asks the 
question:- is A faster, bigger, etc. than B? A two-sided test asks:- is A different from B 
(bigger or smaller)? For a two sided test the same p value is statistically significant at 

half the level of that for a one sided test.

In this study, results significant at the 1% level or less were regarded as highly 
significant and in need of explanation. At the 5% level results were still considered 
statistically significant and worthy of comment, but were not regarded as particularly 
strong refutation of the Null Hypothesis. Note that, particularly with large samples, very 
small differences can be statistically significant, but be of no practical consequence.

A1.3 T-tests; Comparing the Means of Two Groups.

A /-test can be used (one or two sided) to compare the mean of a sample with 

some known value, or compare the means of two groups or samples. The test is 
intended for small samples and uses a modified form of the Normal distribution to 

calculate p  values. When comparing two means it is usually required that the variance is 
approximately the same within each sample. However the Aspin-Welch test, a variation 
of the /-test, can be used when this is not the case.
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T-tests can often be made more precise when subjects, patients, etc in one group 
can be matched to those in the other for good a priori reasons, e.g. patients of the same 

age or subjects of similar technical ability, or even the same subject in each group under 
different conditions. To perform a paired /-test, data from one group are subtracted 

pairwise from the data in the other and the resulting data set tested against a Null 

Hypothesis of a mean equal to 0 with a one-sample /-test. Effectively, variability due to 

subject differences is removed from the overall variance.

A1.4 Analysis of Variance; Comparing More than Two Groups.

Analysis of variance can be used to establish the effect of experimental variables 
which divide the data into more than two groups. The total variability in the data set is 
partitioned into components according to the experimental design. In the simplest form, 

a one-way analysis of variance, the data are grouped according to a single experimental 
variable and the Null Hypothesis is that there is no difference between the means of the 
groups. Within each group the variance about the group mean is calculated, and also the 
variance between the groups, i.e. the variance of the group means about the overall data 

set mean. If the Null Hypothesis is true then the variance between the groups and the 
variance within the groups should be about the same. If the group means are very 
different, the between groups variance will be very much larger. Dividing the between- 
group by the within-group variance therefore gives a test of the Null Hypothesis. In 
practice the variances are calculated with a factor N -l  in the denominator (see above), 

which is known as the number of degrees of freedom (df).

The distribution of the ratio of two variances is the well known F distribution.
This ratio with m  degrees of freedom in the numerator and n in the denominator is 
written as Fm n . Statistical significance is indicated when this exceeds a critical value

which can be calculated or extracted from tables for m and n degrees of freedom and the 

appropriate significance level. The F ratio test is not only used in the analysis of 
variance, but also in general where any two variances are compared. As with the t-test it 

is required that the variance within each group is approximately the same.

Analysis of variance can be readily extended to designs where the data are 

grouped by more than one experimental variable. The exact way in which the variance 
is partitioned will depend on the experimental design; possibly there will be no data for 

some combinations of variable (see Montgomery 1976). There may also be variances 
due to interaction between the experimental variables, but in general analysis of 
variance allows the effects of the experimental variables, the main effects, to be 

disentangled.
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A1.5 Newman-Keuls Analysis.

When the analysis of variance indicates a statistically significant result, further 
investigation may be warranted. For instance, were statistically significant F  ratios 

entirely due to the difference between one group and all the rest? Were all the groups 
different from each other, or was there some other (unsuspected) structure? A number 
of Mests could be performed, comparing the means of all possible combinations of 

group, but this may lead to spurious statistically significant results, even if the Null 
Hypothesis were true, as the f-tests would not all be independent. Instead, the Newman- 

Keuls test carries out all possible comparisons in a way which accounts for this (see 
Armitage 1971 for details). This test is deliberately conservative and for a set of groups 
with equal means the probability of finding a spurious statistically significant 
comparison is less than or equal to the significance level chosen for each comparison.

A 1.6 Linear Regression

A linear regression or straight line is often fitted to experimental data, (or some 
transformation of it), either because there is good reason to expect a linear relationship 
(c f sections 8.4.2 and 11.1.1) or because on the basis of Occams Razor (use the simplest 
possible model) it describes well some trend in the data. In fitting the straight line, the 
gradient and intercept are chosen to minimise the sum of the squares of the errors 
between the actual data points and the values expected from the regression (least 

squares method). However some residual sum of squares may remain, and this can be 
used to obtain a measure, known as R^, of how well the regression fits the data. R? is 
the proportion of variance explained by the regression and is given by the ratio between 
the sum of squares due to the regression (i.e. total minus residual sum of squares) and 

the total sum of squares. The total sum of squares is the sum of the squares of the 
difference between each data point and the overall mean (i.e. without the regression). 

The regression and residual sum of squares can also be used to obtain variances (the 
regression has 1 degree of freedom, the residual sum of squares N-2) which can be used, 

as in the analysis of variance to estimate the statistical significance of the regression. 
(Linear regression is essentially equivalent to the analysis of variance, except that in 

regression the independent or explanatory variable can take a continuous range of 

values but in the analysis of variance is restricted to fixed levels corresponding to the 

groups into which the data is partitioned.)

A 1.7 Linear Correlation

Pearson's correlation coefficient, r, indicates the degree of linear association 

between two variables, the larger the magnitude the greater the association. A positive
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value indicates that an increase in one of the variables is associated with an increase in 
the other. Negative correlations indicate an inverse relationship. The value of r ranges 
from +1 to -1 and a correlation of 0 indicates no association at all. The correlation 

coefficient between two variables x and y is calculated by dividing the covariance of x 
and y by the square root of the product of their variances. The covariance of x and y for 
N  data points is given by:-

The statistical significance of a correlation can be estimated by comparing

I   with critical values from the t distribution with N - 2 degrees of freedom. Note
^J] - r 2

that a statistically significant correlation does not indicate a causal relationship, only 
that x and y are associated.

A1.8 Contingency Tables

Whilst the analysis of variance is chiefly concerned with main effects, the 

analysis of contingency tables is concerned with the interactions between experimental 
variables. In a contingency table the data are classified by one variable across the rows 
and by another down the columns. The data are discrete, (usually a count) but may be 
derived from a continuous variable by quantising; the correlation co-efficient cannot 
therefore be used. The total for each row may not be the same, similarly the column 

totals; the question is whether there is an association between the two variables. On the 

Null Hypothesis (no association), the ratio between the counts in each column should be 

the same in each row. The column totals give the best estimation of these ratios. 

Similarly for the columns the row totals give an estimate of the ratio between rows for 

each column. Thus the marginal totals can be used to calculate expected values for each 

cell of the table.

To test the statistical significance of deviations from the Null Hypothesis (%2 

test) the expected value in each cell is subtracted from the observed value, the result 

squared and divided by the expected value. This is summed over the table and the total 
compared with critical values from a distribution known as the y }  distribution with 

(number of rows - 1).(number of columns - 1) degrees of freedom. Alternatively (as in 

the GLIM software package) the Likelihood y^  Ratio, or information statistic, G, can be 

calculated as:-

(A l.l)
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each column. Thus the marginal totals can be used to calculate expected values for each 

cell of the table.
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test) the expected value in each cell is subtracted from the observed value, the result 
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N

 ̂X (*i - x) (yi - y) (A l.l)

232



Appendix 2 
A2. Derivation of Phosphor Decay Curves.

P22 is a set of coloured phosphors; red, green and blue. P4 is a white phosphor, 
but has two components, blue and yellow. For the P22 and P4 phosphors the decay 
times to 10% brightness are (JEDEC 1971):-

Phosphor Component Time

P4 Yellow 60
P4 Blue 2 0

P22 Red 1 0 0 0

P22 Green 40
P22 Blue 40

Table A2.1 
Phosphor decay times

Assuming that light output decays exponentially with time after excitation and 
the output is measured relative to the peak value, the decay has the form:-

U t) = e 'kt (A2.1)

Where t is the time in (isec, L  is the relative light output and k the decay 

constant. With L  = 0.1 and t = the persistence from table A2.1, the decay constants are:-

Phosphor Component Decay Constant

P4 Blue 0.115
P4 Yellow 0.38

P22 Red 0 .0 0 2

P22 Green & Blue 0.058

Table A2.2 
Phosphor decay constants

Equation A2.1 with these constants gave the P22 red and P22 green & blue 

curves in figure 7.2 (plotted with a logarithmic time axis to fit all three on the same 
graph).
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To estimate the decay curve for a white raster, each colour component was 

weighted by the CIE Photopic Luminous Efficiency Function. (Which is essentially a 
plot of the relative response of a normal human eye to monochromatic light at different 

spectral wavelengths -Hunt and Darby 1984) For P4 and P22 phosphors the principal 
spectral peaks are:-

Phosphor Component Wavelength (nm)

P4 Yellow 560
Blue 460

P22 Red 630
Green 516

Blue 450

Table A2.3 
Principal spectral peaks.

1 .0

P22 Blue

0. 8
P22 Green

0 . S P22 Red

P4 Blue
0.4

P4 Yellow

0 . 2

0 .0-1—
380 430 530 580480 630 680 730 780

Wavelength (nm)

Figure A2.1
Phosphor Emissions and the CIE Photopic Luminous Efficiency Curve.
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Figure A2.1 shows these points on the luminous efficiency curve. The "white" 
decay curves in figure 7.2 for P4 and P22 phosphors were given by the equations:-

L p 4 (t) = 1.075 [0.265 L re(j f t ) + 0 .627Lgreen(t) + 0.038 Lfoiue(t)] (A2.2)

Lp22(0  = 0 -9 4 7  [0.955 Lyeuow(t) + 0.060 Lbiue(t)] (A2.3)

The factors 1.075 and 0.947 normalise the light output to a value of 1 at time

t=0 .
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Appendix 3
A3. Digital Signals and Finite Impulse Response Filters

The following gives an outline of the mathematical basis for the digital filtering 
using in chapter 12. See Ludeman 1987 or Oppenheim and Schafer 1975 for more 

details.

In digital signal processing continuous analogue signals are represented by
snapshots taken at regular intervals; the input is sampled and forms a series of numbers.
These numbers can only be chosen from a finite set of values by which the signal is said
to be quantised. The sampling rate, or interval between snapshots determines the highest

frequency of analogue signal which can be represented in the digital domain without 
loss of information. Provided that the analogue signal is band limited to some value /

(i.e. contains no frequencies higher than this limit), the minimum sampling frequency 
required is 2 /  . This sampling rate is know as the Nyquist rate. If the analogue signal

does contain frequencies above f  , in the digital domain these are indistinguishable from 

harmonically related components of a lower frequency and are said to be aliased.

A digital signal process is defined as a mapping which assigns a digital output to 
every acceptable input. If the sequence x(n) represents a digital input signal and T  the 
signal process, the output will be a sequence y(n) where:-

y(n) = T[x(n)] (A3.1)

The system T  is linear if the response to a weighted sum of the inputs Xj(n) and 

Xy{n) is the weighted sum, with the same weights, of the responses to each input

separately ie:-

T[ajxj(n) +ci2X2 (n)] = ajT[xj(n)] + <22T[x2 (n)] (A3.2)

If the operation T  does not vary with position in the sequence, T  is said to be 

shift invariant. If the system is linear and shift invariant it is possible to construct filters 

whose frequency response characteristics can be predicted from the impulse or time 
domain properties. This allows a computationally simple implementation by direct 
convolution in the time domain rather than converting the input (by Fourier transform) 
to frequency domain representation, multiplying by the desired filter response and 
converting back to a sequence of numbers using the inverse Fourier transform. It is also 
true that many useful signal processes, such as thresholding, squaring or finding 
maxima and minima are non-linear processes which cannot be described in frequency 

response terms, and can therefore only be implemented as time domain operations.
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A3.1 Finite Impulse Response Filters.

In the implementation of a digital filter each input sample is replaced by a 
weighted combination of the adjacent samples. This is a time domain process since the 
samples were collected sequentially. The weightings given to each adjacent sample 
constitute the impulse response of the filter. When a pulse of unit height with a width 
less than the interval between samples is passed through this filter the output traces out 

the impulse response. If the number of adjacent input samples which affect a particular 
sample in the output is finite then the filter has a finite impulse response (FIR), and 

otherwise an infinite impulse response (HR). Filters with very sharp cut-offs need to be 

implemented either as FIR filters with a large number of points in the impulse response 
or as HR filters. HR filters can be implemented by weighting samples in the output not 
only with adjacent samples from the input but also adjacent output points. In a recursive 
way each sample in the output can then be seen as the weighted sum of all the previous 
input samples. If h(n) is the impulse response the convolution is given by:-

y(n) = x(n) * h(n) = X x(k). h(n-k) (A3.3)

k=-oo

where * denotes convolution.

To implement such a filter it is required that the impulse response be known. 
However it is more common to describe a filter as low pass, high pass or band pass; i.e. 
by its frequency response. The frequency response of a FIR filter is the Fourier 
transform of its impulse response; thus by selecting an appropriate impulse response it 

is possible to filter for a given range of frequency components. In complex exponential 
form the frequency response H(co) is given by:-

H(co) = X  h(k). (0 < co < %) (A3.4)
k

where k is the number of points in the impulse response and co is the digital 

frequency, given by:-

2n f
® = ~~p (A3.5)

with /  equal to the analogue frequency in Hertz and F the sampling rate. For 
7t<co<27i //(co) repeats; similarly for any other multiple of n. It can be seen from 

equation A3.5 that when co = k , f =  F!2, the frequency above which aliasing occurs.

238



The function H(0)J is a complex function in e and easier to visualise and 

understand if the magnitude and argument are considered separately. These are 
physically measurable respectively as the gain and phase of the filter. Writing:-

H(m) = G((O). (A3.6)

the function G(cq) is the gain response and <|)fa)J the phase response. A plot of 
these against frequency gives the Bode plot of the filter.G(cq) can be found by writing:-

G((a) = V  H(m). H(m)* (A3.7)

*
where denotes complex conjugate.

The phase response (jjfcoJ is given by:-

Re[H( coj]
=  ( A 3 '8 }

where Re and Im  respectively represent taking the real and imaginary parts of
the complex function H(coj. From the frequency response it is possible to find the

corresponding impulse response by the inverse Fourier transform:-

n

h(n) = ~~ Z  H(u>). eimn (A3.9)Z7t
C 0 = - 7 t

With a finite impulse response, particularly with a small number of points, it 
will not usually be possible to match the desired frequency response exactly; a longer or 

infinite impulse response would be required. The finite impulse response can be thought 
of as a portion of the ideal impulse response viewed through a window; -the desired 
response multiplied by a windowing function:-

h(n) = hrffn). w(n) (A3 JO)

If a rectangular window is used h(n) is obtained simply by truncating the desired 

response; the function w(n) equals 1 for the length of the finite impulse and 0  elsewhere. 

In the frequency domain the effect of windowing is to smear the desired frequency 
response and is represented by the convolution of the frequency response with the 
Fourier transform of the windowing function. In general the larger the window, the less 
the smearing, and much work has been done on adjusting w(n) to obtained the required 

frequency response characteristics. Most commonly used windows other than 
rectangular include Bartlett, Hanning, Hamming and Kaiser windows. All of these give 

less weight to the beginning and end of the impulse response than to the centre, but are 

not discussed here and were not implemented in the analysis of experiments 3 and 4.
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Appendix 4 

A4. Position of Manipulator End Effector

Consider, instead of the world coordinate system (section 22.1), a system with 
the origin at the wrist joint and x axis parallel to the limb from the elbow to the wrist, 
le. The z axis is in the plane defined by le and the manipulator standpipe, normal to le 

(see figure 22.2). Directions of rotation were defined so that positive rotation 
corresponded to an increasing voltage measured by the manipulator instrumentation.

0 W, the angle of wrist bend was defined as the angle between the tool arm and

the x axis. Positive rotation was anticlockwise about the origin. When the wrist joint 
was rotated the lower arm swept out a cone about the x axis. The angle of rotation, 0r ,

was defined as the angle between the projection of the tool arm onto the y-z plane and 
the z axis. The direction of positive rotation was clockwise about the origin. The lower 
arm was made up of two components, a fixed limb Iw, and the extendible tool arm It. In 
this coordinate system the position of the end effector was given by position vector g  

defined by the components

x  = (Iw + lt).Cos(0 w) 

y  = (Iw + lt).Sin(Qw).Sin(-Qr) 

z = (Iw + lt).Sin($w).Cos(-&r>i 

t=  1

(A4.1)

The fourth component, t was a dummy so that space homogeneous transforms 

could be used (ie multiply by 4 x 4 matrices and include translation). The position of the 

wrist joint was obviously (0 ,0 ,0 ,1).

The angle Qe was defined as the angle of elbow bend. For these trials the limb 

between the shoulder and elbow joint was always vertical, so Qe was the angle between 

le and the horizontal. Rotation in the positive direction was clockwise. The angle 0a

was the manipulator azimuth relative to the x axis of the world coordinate system and 
anticlockwise rotation corresponded to increasing azimuth.

To transform the wrist coordinate system to the world coordinate system four 

transformations were required:-

a) Rotate the coordinate system anticlockwise through an angle 6e about the y 

axis to align the z axis parallel to that of the world coordinate system:-
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A =

Cos(Qej 0 Sin(Qe) 0
0 1 0  0 

-Sin( Oe) 0 Cos(Qe) 0
0 0 0 1

(A42)

b) Rotate the coordinate system clockwise Qa about the z axis to align the x axis 

parallel to that of the world coordinate system:-

Cos(%) Sin(Qa) 0 0 "

B = -Sin(Qa) Cos(Oa) 0 0
0 0 1 0
0 0 0 1 -

(A4.3)

c) Translate the coordinate system to the elbow joint.

C =

1 0 0 0 "
0 1 0 0
0 0 1 0

le.Cos(Qe).Cos(Qa) le.Cos( 0g) S  in( 0a) le.Sin(Qe) 1

(A4.4)

d) Translate the coordinate system to the base of the manipulator standpipe.

D =

1 0  0 0 
0 1 0  0 
0 0 1 0  

L 0 0 h 1 J

(A4.5)

T =

The overall transform, T , was the product of A, B, C and D

Cos(QeyCos(Qa) Cos(Qe).Sin(da) Sin(Qe) 0 _

-Sin(Qa) Cos(Qa) 0 0
-Cos(Qa).Sin(Qe) -Sin(6a).Sin(Qe) Cos(Qe) 0

le.Cos(Qe).Cos(Qa) le.Cos( Qe) .S in(Qa) h+le.Sin(6e) 1 _

(A4.6)
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