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Introduction

The visual display is at present the main medium for
human-computer interaction. To optimize display design,
one must consider all three components of the human-
display interface. First, one must understand the informa-
tion that is to be conveyed to the human user. Second, one
must consider the constraints that a particular display
technology places on the transmission of the signal. Third,
one must understand the properties of the human as the
information receiver.

This chapter will focus on data-entry video display ter-
minals that are designed to transmit text. The information
source can then be described as strings of alphanumeric
characters. The chapter will also be limited to video dis-
plays based on the cathode-ray tube (CRT). This is the
most common type of display a computer user will
encounter today, although many new display techno-
logies, such as liquid-crystal flat-panel displays, are on the
horizon. Finally, this chapter will review those aspects of
human spatial and temporal vision that influence our
ability to interpret the information presented on video
displays.

The chapter is organized into two main sections that
focus on the temporal and spatial aspects of digital dis-
plays. Each section, in turn, is separated into three subsec-
tions that review methods for characterizing the display,
describe models of human image processing and discuss
how this information can be used to solve applied prob-
lems in display design. The final section of the chapter
describes how both the temporal and spatial display para-
meters define limits on the type of realistic motion one
can simulate on the display.

Time

This section of the chapter focusses on the temporal
modulation of display luminance. It begins with a brief

description of how a CRT video display modulates lumin-
ance over time. This is followed by a review of some basic
research on human temporal sensitivity and a discussion of
how this research can be applied to the problem of elim-
inating display flicker.

Characterizing the Displa~
The most common type of data-entry computer display is
the monochromatic CRT display. Information is dis-
played by focussing and deflecting an electron beam across
a viewing screen that has been coated with a luminescent
phosphor. Images are written on the display by scanning
an electron beam across the coated surface display area. In
non-interlaced CRT displays, the electron beam scans
sequentially across each horizontal line of the display. At
the end of each horizontal scan, the electron beam flies
back to the beginning of the subsequent horizontal scan,
during which time the electron beam is not focussed on
the phosphor display screen.

The refresh frequency of the display expresses the time
it takes to draw an entire display screen in frames per
second. If the display refresh frequency is too low, the
display will appear to flicker. The refresh frequency is
constrained, in part, by the bandwidth of the video ampli-
fier which controls the rate at which the video signal is
transmitted to the electron beam. Enlarging the band-
width of the video amplifier is both costly and technically
challenging. Thus, display engineers often look for other
methods to eliminate display flicker. One method is to
reduce the number of lines in the display that need to be
refreshed in a single frame time. Unfortunately, the fewer
the lines in a display, the less spatial information one can
transmit to the user. To effectively reduce the number of
lines that are refreshed without reducing spatial band-
width, displays are often designed to alternately refresh
the odd and even-numbered display lines. This technique,
known as interlacing, will often eliminate flicker but may
also produce undesirable visual phenomena, such as jitter,
that are discussed later.
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Fig. 2.1 Exponential decay of display phosphor luminescence
measured using a photomultiplier with output linearized with
luminance and an HP digitizing oscilloscope synced to the
display refresh frequency. The result, shown in this figure, is
based on an average of 20 measurements of a P40 phosphor
display.

Another method for eliminating flicker is to increase the
persistence of the phosphor. Fig. 2.1 illustrates the fact
that when the electron beam passes over each addressable
point on the display (i.e. picture element or pixel) it causes
the phosphor to light up or luminesce. The phosphor
luminescence decays over time. The longer the phosphor
luminescence takes to decay, the greater the temporal
overlap between successively-refreshed traces of the same
pixel and the less likely it is that flicker will be detected.
Increasing phosphor persistence also has a design trade-
off, however, because increasing phosphor persistence
makes it more likely that users will complain of motion
blur as characters are scrolled across the screen.

Each design option has perceptual and technical trade-
offs. When display engineers eliminate flicker by increas-
ing the refresh frequency, they increase the probability
that users will detect character jitter (seebelow). When the
engineers eliminate flicker by increasing the display phos-
phor persistence, they increase the probability that users
will detect character motion blur. To the extent that it is
possible to predict the conditions under which people
detect flicker, blur and/or jitter, engineers can search for
the display parameters that minimize the undesirable
perceptual effects.

Characterizing Human Temporal
Sensitivity
The aspect of human temporal sensitivity that is relevant
in display optimization is our ability to detect the temporal
variation of display luminance over time. This ability,
referred to as flicker sensitivity, is dependent on both the
spatial and temporal modulation of luminance across the
display. In particular, the larger a luminous area, the more
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Fig.2.2 Temporal temporal contrast sensitivity functions
derived from Kelly (/969) for a uniform field subtending 65· of
visual angle and modulating around different mean luminance
levels.

likely it is that people will be able to detect the temporal
modulation of that area.

Flicker sensitivity has been measured by varying the
contrast of a uniform field over time and increasing the
amplitude modulation until observers first see flicker or,
conversely, decreasing the flmplitude modulation until
flicker is no longer detected. Functions relating the
smallest detectable amplitude modulation to the fre-
quency of the modulation are referred to as temporal con-
trast sensitivity functions.

DeLange (1961) measured temporal contrast sensitivity
functions for more complex temporal variations in lumin-
ance and found that the amplitude modulation for the first
harmonic or fundamental temporal frequency predicts
flicker sensitivity for all complex temporal waveforms. In
other words, DeLange (1961) showed that when a tem-
porally varying light is decomposed into component tem-
poral sine waves, our ability to detect flicker can be
predicted by the amount of stimulus energy in the lowest
or fundamental, temporal frequency. This finding was
replicated by Kelly (1969, 1971).

Kelly's (1969, 1971) data can be described by the fol-
lowing equation:

IG(jw)1 = c[ (WZ + aZ)Z ] r/4

(WZ + KZ)Z + 2KZ(KZ - WZ) + K4

. e- JIMI (2.1)

where co = 2nJ, f is the fundamental temporal frequency
(expressed in Hz), C, (X and'! are constants that depend on
the size of the flickering field and rand K are constants
that depend on retinal illuminance.

Fig. 2.2 shows several temporal contrast sensitivity
functions that Kelly (1969) derived by fitting Equation 2.1
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to sine-wave flicker thresholds obtained for a uniform field
subtending 65° of visual angle and modulating around
different mean luminance levels. The fact that the curves
in Fig. 2.2overlap at high temporal frequencies shows that
although the sensitivity to low frequencies depends on
mean luminance levels and, therefore, on a person's state
of visual adaptation, at temporal frequencies greater than
20Hz, one's ability to detect flicker depends only on the
retinal illuminance amplitude of the fundamental fre-
quency of the temporal waveform, and not on the adapta-
tion level. Note that the component of Equation 2.1 that
describes human flicker sensitivity at high temporal fre-
quencies is

(2.2)

Again, W = 21[f and C and t are constants that depend on
the size of the flickering field. This equation, in turn, can
be re-expressed in terms of the absolute amplitude thresh-
old, A,

(2.3)

wherefis the fundamental temporal frequency (expressed
in Hz), and a and b are constants that depend on stimulus
size.

The data reported by Kelly (1969, 1971) are particu-
larly useful when applied to display optimization because
Kelly investigated a wide range of stimulus sizes, includ-
ing very large uniformly flickering fields that are compar-
able to display sizes. Based on this previous research, it is
possible to define a standard observer that detects 'flicker'
if the stimulus energy in the fundamental frequency of any
time-varying light is greater than a pre-determined
threshold value that depends on the particular frequency.
Stimulus energy is specified as the absolute amplitude of
the fundamental temporal frequency in units of retinal
illuminance and there is a single formula (Equation 2.3
above) that predicts the threshold amplitude of the funda-
mental temporal frequency that will be detected by a
normal or standard observer viewing a flickering light at a
standard viewing distance under a wide range of room
illuminations (Ives, 1922;Kelly, 1961, 1969, 1971).

Applied Problems in Display Design
Flicker
Basic research on human temporal sensitivity can be

. applied to the problem of designing a display that will not
appear to flicker. For example, based on the work of Kelly
(1961,1964,1969,1971), Farrell (1986,1987) developed a
metric to predict whether people will detect display flicker
when every pixel in the display is illuminated. This is the
configuration in which the display is most likely to appear
to flicker.For a fixed display area, the fewer the number of
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Fig. 2.3 Flicker regression equations (see text) derived from
data published by Eriksson and Backstrom (/987) and Kelly
(1969, 1971) for dijferwi display field sizes.

illuminated display pixels the less likely it is that flicker
will be detected. Thus, when the display is configured to
present dark characters against a uniformly illuminated
field (i.e. positive polarity), users are more likely to detect
flicker than when the display is configured to present
luminous characters against a dark field (i.e. negative
polarity).

The method for predicting display flicker is based on a
Fourier decomposition of the time-varying screen lumin-
ance. The Fourier analysis of the time-varying screen
luminance is simplified by the fact that the fundamental
temporal frequency of a VDT display is equal to the
refresh frequency (Farrell, 1986).I From previous
research (Kelly, 1969, 1971;Tyler and Hamer, 1990), it is
predicted that if the absolute amplitude of the fundamen-
tal temporal frequency of the display luminance modula-
tion is greater than a pre-determined frequency-
dependent threshold value, A(f), then observers will per-
ceive flicker.

A(f) =alf (2.4)

wherej is the refresh frequency and a and b are constants
that depend on the size of the display.

Equation 2.4 is a simplified version of Kelly's (1969)
flicker regression equation (Equation 2.3) that was orig-
inally implemented as a flicker metric by Farrell (1986,
1987).Tyler and Hamer (1990) have shown that Equation
2.4 generates identical predictions as Kelly's original
equation for the stimulus conditions with which we are
concerned. This finding is supported by the results of
Farrell et al. (1987, 1988) as well.

Fig.2.3 shows flicker regression equations (Equation
2.4 above) derived from data published by Eriksson and
Backstrom (1987) and Kelly (1969, 1971)for different dis-
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to sine-wave flicker thresholds obtained for a uniform field
subtending 65° of visual angle and modulating around
different mean luminance levels. The fact that the curves
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in Hz), and a and b are constants that depend on stimulus
size.
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Stimulus energy is specified as the absolute amplitude of
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above) that predicts the threshold amplitude of the funda-
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normal or standard observer viewing a flickering light at a
standard viewing distance under a wide range of room
illuminations (Ives, 1922;Kelly, 1961, 1969, 1971).

Applied Problems in Display Design
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Basic research on human temporal sensitivity can be

. applied to the problem of designing a display that will not
appear to flicker. For example, based on the work of Kelly
(1961,1964,1969,1971), Farrell (1986,1987) developed a
metric to predict whether people will detect display flicker
when every pixel in the display is illuminated. This is the
configuration in which the display is most likely to appear
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illuminated display pixels the less likely it is that flicker
will be detected. Thus, when the display is configured to
present dark characters against a uniformly illuminated
field (i.e. positive polarity), users are more likely to detect
flicker than when the display is configured to present
luminous characters against a dark field (i.e. negative
polarity).

The method for predicting display flicker is based on a
Fourier decomposition of the time-varying screen lumin-
ance. The Fourier analysis of the time-varying screen
luminance is simplified by the fact that the fundamental
temporal frequency of a VDT display is equal to the
refresh frequency (Farrell, 1986).I From previous
research (Kelly, 1969, 1971;Tyler and Hamer, 1990), it is
predicted that if the absolute amplitude of the fundamen-
tal temporal frequency of the display luminance modula-
tion is greater than a pre-determined frequency-
dependent threshold value, A(f), then observers will per-
ceive flicker.

A(f) =alf (2.4)

wherej is the refresh frequency and a and b are constants
that depend on the size of the display.

Equation 2.4 is a simplified version of Kelly's (1969)
flicker regression equation (Equation 2.3) that was orig-
inally implemented as a flicker metric by Farrell (1986,
1987).Tyler and Hamer (1990) have shown that Equation
2.4 generates identical predictions as Kelly's original
equation for the stimulus conditions with which we are
concerned. This finding is supported by the results of
Farrell et al. (1987, 1988) as well.

Fig.2.3 shows flicker regression equations (Equation
2.4 above) derived from data published by Eriksson and
Backstrom (1987) and Kelly (1969, 1971)for different dis-
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80 display phosphor persistence and increases with display
luminance. To eliminate flicker, a display engineer can

70 either decrease display luminance, decrease display size,
select a phosphor with long persistence, or increase the

60 display refresh frequency.
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Fig. 2.4 Critical flicker frequency plotted as a.function of
display phosphor persistence with display luminance as a
parameter.

play field sizes. Fig. 2.3 illustrates the fact that the prob-
ability that people will detect flicker increases with field
size, as well as with the amplitude of the luminance modu-
lation of the field.

Knowing the absolute amplitude of the fundamental
temporal frequency of the display, A(j)obs one can deter-
mine whether A(j)obs is greater than or less than the flicker
threshold A(j). If it is greater than the threshold, then
observers will perceive flicker. Conversely, one can predict
the lowest refresh frequency that will render a display
flicker-free, referred to as the critical flicker frequency
(CFF).

CFF= In[A(j)obsJ-ln(a)
b (2.5)

or

CFF = ni +n (In[A(j)obsJ) (2.6)

where 111 = (In a)lb and il = lIb.
The method for predicting screen flicker is, then,

reduced to the problem of calculating the absolute ampli-
tude of the fundamental frequency of the temporally vary-
ing screen luminance, A(j)obs' The procedure for this
calculation is outlined in Farrell et 0.1. (1987), along with
estimates of the parameter values, a and b, for different
display sizes.

One can reduce the probability that a display will
appear to flicker by increasing the refresh frequency,
decreasing the display luminance, and/or increasing the
phosphor persistence. Farrell et at. (1987, 1988)show how
these display parameters trade-off in influencing the prob-
ability that users will detect flicker. For example, Fig. 2.4
shows how the critical flicker frequency decreases with

Jitter
When characters are presented on an interlaced display,
users often complain that the characters appear to move or
'jitter', especially when the distance between adjacent
pixels is large. Jitter occurs when the pixels illuminated in
one of the half-field frames appear to move into the verti-
cally adjacent pixels in the other half-field frame. The
higher the display resolution and, consequently, the
smaller the distance between adjacent pixels, the less likely
it is that users will complain of character jitter. If the
resolution of the display is high enough, users will not
notice the fact that only alternate lines are updated at the
refresh frequency. If the display resolution is too low,
however, even the lines in a uniform field stimulus will
appear to jitter on this display.

Character jitter can also occur in a non-interlaced dis-
play with a refresh frequency that differs from the line
frequency (usually 60 Hz in the US and 50 Hz in Europe).
If the refresh frequency and line frequency are different
and' if the display is not properly shielded from line inter-
ference, the CRT's electron beam deflection will oscillate
at a velocity, frequency and amplitude that will depend on
the amount of interference and the difference between the
refresh and line frequencies. Casson et 0.1. (1989) have
shown that when refresh and line frequencies differ by 0.4
to 12.8 Hz, the amplitude of character jitter must be less
than 13.2" of visual angle to be jitter-free for 90% of
observers. Bauer (1984) found a similar threshold (15.5")
for a difference frequency of 10Hz.

In attempting to eliminate flicker, either by increasing
the refresh frequency or by introducing interlacing, one
may inadvertently create a new stimulus - namely, the
apparent displacement of illuminated pixels. And, because
users are sometimes not able to discriminate flicker from
jitter (Eriksson and Backstrom, 1987;Casson et 01., 1989),
users might still complain about flicker despite the fact
that the refresh frequency has been substantially
increased. Display engineers can resolve this dilemma by
taking into account human sensitivity to jitter as well as to
flicker.

Character jitter thresholds (Bauer, 1984; Casson et al.,
1989)are close to previously reported thresholds for mini-
mum line displacement (Polyak, 1957;Tyler and Torres,
1972; Westheimer, 1979; Legge and Campbell, 1981;
Scobey and Johnson, 1981)which, in turn, are a measure
of our ability to resolve spatial differences in stimuli. The
next section presents several examples of how models of
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human spatial sensitivity can be applied to the design of
data-entry display terminals.

Space

This section focusses on the modulation of display lumin-
ance oyer space. As in the previous section, I begin with a
brief review of the display parameters that influence our
ability to display images. Then, I describe a simple char-
acterization of human spatial sensitivity based on basic
research in visual psychophysics. Finally, I discuss how
this basic research can be applied to enhance the informa-
tion transmission characteristics of data-entry video dis-
play terminals.

Characterizing the Display
The rate at which the electron beam intensity can be
modulated determines the distance between addressable
points or pixels in the horizontal direction. If the video
bandwidth is high, then the electron beam can be rapidly
modulated and, consequently, the distance between
adjacent pixels in the horizontal direction can be small.
Once the horizontal pixel resolution has been determined,
display engineers can vary the distance separating vertical
pixels (i.e. the height of the display raster) by varying the
vertical velocity of the electron beam. Typically, the dis-
play raster height is varied when all display pixels are
illuminated until the display appears to look uniform in
this flat-field condition. This adjustment is often referred
to as the shrinking raster method (Biberman, 1973).

The electron beam velocity, the rate at which the elec-
tron beam is modulated (i.e. video bandwidth), the vel-
ocity of the horizontal flyback and the vertical' velocity of
the beam all place constraints on the distance between
addressable pixels (i.e. display addressability) and the way
a single pixel appears on the screen (i.e. display resolu-
tion). In addition, the CRT itself places a constraint on
display resolution, determining the width of the electron
beam and the spreading of energy once the electrons hit
the phosphor surface of the tube.

r Display resolution is often described by the two-
I dimensional luminance distribution of display pixels,

1

0ften referred to as pixel point spread functions. Most
monochrome display pixels have gaussian pixel point
spread functions (see Fig. 2.5). Colour displays focus the
beams from three electron guns on three different phos-
phors that emit light that appears red, green or blue. To
accurately focus the beams on the appropriate phosphors,
the electron beams are passed through an aperture refer-
red to as a shadow mask. A pixel profile of a colour display
is, therefore, influenced by the spatial structure of the
shadow mask (see Fig. 2.6).
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Fig. 2.5 Horizontal profile of a.monochrome pixel measured
using a scanning photometer. Details of the measurement can be
found in Lyons and Farrell (1989). The dashed curved
represents the best-jilting gaussian projile.

The gamma function of a display describes the relation-
ship between the digital frame-buffer values sent to the
display controller and the luminous intensity emitted by
the monitor. In many cases the relationship is a power
function in which luminous intensity equals the digital
framebuffer value raised to an exponent, commonly
denoted as gamma. In this chapter the term gamma func-
tion will be used to refer to the relationship between digital
framebuffer values and luminous intensity and we will not
assume a power function relationship. If a display is a
linear shift-invariant system, the gamma function, the
pixel point spread functions and the vertical and horizon-
tal distance between adjacent pixels, can be used to
describe the image for any matrix of framebuffer values.
For example, let the input to a CRT be described as a
matrix whose entries contain the values corresponding to
the intensity of each pixel in the image. The gamma func-
tion of each pixel translates the digital framebuffer values
into luminance values. The point spread function of each
pixel is used to derive a description of the luminance dis-
tribution of each pixel in the displayed image. This is
accomplished by multiplying each pixel luminance by the
pixel point spread function and summing over the entire
two dimensional distribution. This operation is known as
the convolution of the input image with the point spread
function of the display.

Recall that a linear system is one which behaves accord-
ing to the principles of superposition and shift invariance.
The principle of superposition states that the output or
response of a system (such as a CRT display) to any com-
pound input is equal to the sum of the responses to each
individual component in the compound input. If a CRT
display is linear then any image composed of many image
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points can be described as the sum of the responses of all
the individual points in the displayed image. Ideally, the
linear properties of the display should be shift-invariant as
well. In other words, the point spread and gamma func-
tions of a linear display should be the same regardless of
where on the display it is measured and regardless of what
time of day it is measured.

In many respects, CRT displays behave as linear shift-
invariant systems. For example, the spectral power of
pixels are independent of one another and, therefore,
additive. The electron beams that address the red, green
and blue phosphor components of a colour display interact
very little and can be considered to be independent
(Cowan and Rowell, 1986; Brainard, 1989). Thus the
luminance profile of any pixel of a colour display can be

described by adding luminance profiles of the red, green
and blue components of the pixel (Lyons and Farrell,
1989). This additivity is illustrated in Fig. 2.6.

Although gamma and pixel point spread functions of
present-day CRT displays are not spatially shift invariant
(Hosokawa et al. 1987; Brainard, 1989), these transfer
functions often differ only by a spatial scale factor that
depends on the location of a pixel. For example, Brainard
(1989) found that although the gamma function of a Barco
display differs depending on spatial location, there is a
single scale factor that maps each gamma function into the
other. It is, therefore, possible to store a single gamma
function that can be corrected by a scale factor depending
on spatial location. Similarly, it may be possible to correct
for the spatial inhomogeneity of pixel point spread func-
tions by discovering the scale factor that maps luminance
profiles of pixels at different locations into one another.
Alternatively, an analytical expression can be fitted to the
luminance profile of a pixel and the parameters of the
profile stored for different screen locations (Hosokawa et
al. 1987). Finally, it is also possible to define regions of the
display for which gamma functions and pixel point spread
functions are locally shift invariant.

Most CRT displays depart from linearity, however,
when adjacent horizontal pixels are addressed. When two
horizontally adjacent pixels are illuminated together, the
luminance profile that is measured cannot be predicted by
the sum of the luminance profiles that are measured when
the pixels are illuminated separately (Lyons and Farrell,
1989).The failure of additivity in this case reflects the fact
that an isolated pixel never achieves the full output inten-
sity compared with a pixel that is illuminated following the
illumination of an adjacent horizontal pixel (to the left). In
most displays, this departure from linearity is due to limi-
tations on how fast the electron beam current rises to
address a pixel (i_e.slew-rate limitations resulting from the
display video bandwidth). In many instances, the display
was designed with this feature in mind. For example, some
displays are designed such that the electron beam current
rises when a pixel is addressed and remains on if the
adjacent pixel is addressed. Horizontally spatially adjacent
pixels are not, therefore, independent and cannot be
described by simply adding the pixel point spread func-
tions of the two adjacent pixels. Additivity in the vertical
direction, however, seems to be a good assumption. A
pixel's vertical neighbours had very little interactive effect,
presumably because the bandwidth of electron beam and
drive electronics is more demanding in the horizontal
direction than the vertical.

Despite known failures of display linearity, it is often
convenient to assume that CRT displays can be described
as linear devices. By assuming that the display is a linear
shift-invariant system, one can completely characterize its
performance using only two functions: the gamma and
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pixel point-spread functions (or the Fourier counterpart of
the display line-spread function, the modulation transfer
function). This economy of representation, together with
the predictive power of linear systems analysis, must be
weighed against the errors in stimulus representation that
occur because displays are not linear and shift-invariant.

Characterizing Human Spatial Sensitivity
Just as linear systems theory has helped us to characterize
the performance of visual displays, linear systems theory
has also been useful in characterizing the performance of
the human visual system. Much of the processing that the
visual system imposes on the retinal image early on in the
visual pathway can be characterized by linear systems
theory. Becasue the lens of the human eye is linear and
shift-invariant (Campbell and Gubisch, 1966) images that
project onto the retina after passing through the optics of
the eye can be easily characterized. Photoreceptor sam-
pling is also well understood (Yellott et al., 1984; Williams,
1986) and can be characterized as a linear operation.
Beyond the retina, however, neurophysiologists have
recorded from retinal ganglion cells, some of which behave
linearly and some of which behave non-linearly (Enroth-
Cugell and Robson, 1984) Characterizing visual pro-
cessing beyond the retina as linear is, at best, an approxi-
mation.

Just as some aspects of human temporal sensitivity have
been characterized by the amplitude modulation required
to detect contrast that is varying sinusoidally over time,
some aspects of human spatial sensitivity can be character-
ized by the amplitude modulation required to detect con-
trast that varies sinusoidally over space. For' example,
Schade (1948, 1956) and Campbell and Green (1965) pre-
sented grating patterns with sinusoidally varying lumin-
ance in one direction (e.g. vertical) and constant
luminance in the orthogonal direction (e.g. horizontal).
Subjects adjusted the luminance modulation until they
could just detect the presence of a grating pattern.

The reciprocal of the threshold contrast modulation
required to detect a grating is a measure of contrast sensi-
tivity. Spatial contrast sensitivity can be described by the
following equation:

C(j)=K(bJte-bf (2.7)

whereJis spatial frequency, expressed in cycles per degree
of visual angle, and K, a and b are parameters that depend
on the ambient light, pupil size or any other visual factors
that may change the state of visual adaptation (Kelly,
1974; Klein and Levi, 1985).

Note that this equation decribes the way the visual
system transforms the amplitude of each spatial frequency
component in the stimulus. If one assumes that the output
of the visual system to all spatial frequency components
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Fig.2.7 Spatial contrast sensitivity functions derived by fitting
Equation 2.7 (see text) to data reported by Campbell (1968) for
three different pupil sizes.

.
has zero phase (i.e. there is no phase shift of the stimulus)
then the human contrast sensitivity function described
above is a complete characterization of the early spatial
filtering imposed by the visual system.

Fig. 2.7 shows curves derived by fitting Equation 2.2 to
data reported by Campbell (1968) for three different pupil
sizes. Campbell's (1968) data illustrate the typical
bandpass nature of human spatial contrast sensitivity.
People are most sensitive to spatial frequencies in the
range of 4-8 c deg - I of visual angle and cannot detect
spatial frequencies beyond 60 c deg - 1.2

Applied Problems in Display Design
For data-entry computer terminals, the goal of display
optimization translates into the problem of designing both
the alphanumeric stimuli and the display in such a way
that people are able to read displayed text with ease and
comfort. The design oflegible text begins with the digital
typographer. In the past, typographers only needed to
concern themselves with designing character outlines.
These outlines were then pressed onto metal printing
plates. With the advent of digital displays and printers,
typographers now need to consider how to digitally
sample character outlines to optimize the legibility and
aesthestic appeal of digital fonts (Andre and Hersch,
1989). In fact, solutions to this problem are the basis of
many new products in what has come to be known as the
desktop publishing market.

Digital typographers also need to consider how the
digitally sampled characters (i.e. character bitrnaps) will
appear to people when displayed or printed on a particular
device. Recall, that if a display (or printer) is linear and

- shift-invariant, then one can generate a representation of a
displayed character by convolving the character bitrnap
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with the display pixel point-spread function. To describe
how the image appears to people, one must then convolve
the displayed representation with a spatial weighting func-
tion derived from the human contrast sensitivity function.
This additional filtering removes energy in the stimulus
that people cannot detect.

Having generated a representation of the perceived
character, one can ask: 'What are the features or attributes
in this image that influence our ability to identify charac-
ters and, consequently, to read character strings. The loca-
tion of the character within an observer's visual field also
influences his or her ability to detect and identify charac-
ters. The following section focusses on those stimulus and
display attributes that influence our ability to discriminate
and identify video-displayed alphanumeric characters.

Display Resolution and Addressability
There is a sense in which the term display resolution is a
misnomer because many people use the term to refer to
what engineers call display addressability, that is the dis-
tance between adjacent display pixels. Contrary to popular
conceptions, display resolution of digital displays is com-
monly described in terms of the display pixel point or line
spread function or, conversely, the display modulation
transfer function. This definition of display resolution fol-
lows naturally from linear systems analysis of optical
lenses. An optical lens can be completely characterized by
how the lens blurs a single point or line. Data-entry com-
puter terminals, unlike optical lenses, are digital displays
in the sense that text, graphics and images are represented
by discretely addressed pixels. To completely characterize
the imaging capabilities of a display, it is important to
specify both the display resolution (pixel shape) and the
display addressability (distance between pixels). The
literature abounds '.vith display image quality metrics
based on display resolution only (Snyder, 1973; Infante,
1985, 1986; Barten, 1987; 0'Callaghan and Veron, 1987).
Metrics based on display resolution only, however, often
ignore the important and more dramatic effects that dis-
play addressability has upon subjective display image
quality.

To reduce the visibility of the display raster, engineers
will typically increase pixel width until adjacent pixels
merge. As they increase pixel width, however, alternate
pixels will appear to merge and character blur will
increase. Murch et at. (1985) investigated the trade-off
between display resolution (pixel width) and display
addressability (pixel separation) and proposed a method
for determining the best pixel width for any particular
pixel spacing. Their method is based upon the ratio of
display resolution to display addressability, which they
refer to as the resolution-addressability ratio or RAR.
They quantify resolution by the width of the spot at one-
half the maximum luminance and display addressability
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Fig.2.8 Amplitude threshold curves derives by fitting Equation
2.8 (see text) to data published by Campbell (1968) for three
different pupil sizes. Only data for spatial frequencies greater
than 4 c deg - I were used in fitting the function.

by the peak to peak separation between adjacent pixels. To
meet the goal of an invisible raster, the modulation of the
grating pattern produced when all display lines are illu-
minated should be below the threshold for visibility.

Most raster frequencies are greater than II
pixels deg - I of visual angle when viewed at a typical dis-
tance of 45 ern. Thus, just as Farrell et 0.1. (1987, 1988) only
needed to concern themselves with temporal frequencies
greater than 20 Hz, Murch et al. (1985) only needed to
concern themselves with spatial frequencies greater than
11 c deg - I of visual angle. Amplitude thresholds for high
spatial frequencies can be described by an exponential
function of the form:

(2.8)

where/is spatial frequency, expressed in cycles per degree
of visual angle and A and b are constants that depend on
the amount of light entering the eye and other factors that
influence the state of visual adaptation. Note that Equa-
tion 2.8 represents the exponential decrease in contrast
sensitivity with increasing spatial frequency, originally
expressed in Equation 2.7. Fig.2.8 shows amplitude
threshold curves derived by fitting Equation 2.8 to data
published by Campbell (1968) for three different focus
conditions (ranging from optimal focus with a pupil diam-
eter of2 mm to poor focus with a 5.8 mm pupil diameter).
Only data for spatial frequencies greater than 4 c deg - I

were used for the fits shown in Fig. 2.8.
Murch et al. (1985) published a useful empirical for-

mula for predicting the modulation of a spatial frequency
pattern created by displays with RAR values within the
range of 0.35 to 2.4.
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M = (~) exp(3.6RAR -7.0RAR2 +RARJ)

(2.9)

Display engineers can use this formula, together with
published human contrast sensitivity functions (see
Figs. 2.7 and 2.8) to determine whether the raster pattern
is invisible. For example, a display with resolution and
addressability of 0.31 mm would have an RAR of 1.0.
Using Equation 2.9 above, the modulation of the raster
pattern produced when all display lines are illuminated is
0.02. At a viewing distance of 45 em, the spatial frequency
of the raster pattern is 26c deg - I of visual angle. Fig. 2.8
suggests that people will not be able to detect the 0.02
modulation of the 26 c deg - I raster pattern. In the same
way, display engineers can determine whether people can
detect the grating pattern produced when every other dis-
play line is illuminated. In the example above, this grating
would have a frequency that is one-half the raster fre-
quency (i.e. 13c deg - I of visual angle) and a modulation
of 0.6~Fig. 2.8 suggests that people will be able to detect
the 0.6 modulation of a 13c deg - I grating pattern, gener-
ated by illuminating every other addressable raster display
line. Thus, for this particular example, Murch et al.'s
(1985) display resolution and addressability criteria have
been met.

For any display addressability, one can determine the
display resolution that will generate an invisible raster
(Murch et al., 1985).Having done so, displayed characters
may still appear to look distorted. These image distortions,
sometimes referred to as 'jaggies' result when the distance
between adjacent pixels (i.e. display addressability) is
large, relative to the size of the displayed characters.
Jaggies reflect the sampling or aliasing error that results
from undersampling a high resolution and high-detail
image, such as a character. Display addressability deter-
mines the frequency with which a display can sample a
character. The higher the addressability, the higher the
sampling frequency.

How close must display pixels be in order to eliminate
aliasing error? Murch et al. (1985) answered this question
by asking 16 observers to report when they could detect
the difference between a single straight line and two lines,
one displaced relative to the other. Subjects could perform
this task perfectly when the lines were separated by 33" of
visual angle. This value is slightly greater than other pub-
lished data on line displacement tasks. For example, Klein

. and Carney (1990) report that two lines can be discrimin-
ated from a single line when the lines are separated by
19.8" of visual angle. These differences in line displace-
ment threshold may be due to the fact that Murch et al.
(1985) and Klein and Carney (1990) use different response
criteria for selecting the threshold values. Murch et al.

(1985) report a threshold value for perfect performance for
16 subjects and Klein and Carney (1990) report a thresh-
old value for nearly perfect performance for two subjects.

Recall that Casson et al. (1989) found that subjects can
detect jitter when the jitter displacement is 17.3" of visual
angle. This result has also been reported by Westheimer
(1979), Scobey and Johnson (1981) and Bauer (1984).
Moreover, the width of the pixel (i.e. resolution) does not
affect line displacement thresholds. When stimulus con-
trasts are greater than OJ, the line displacement threshold
is constant (Mather, 1987).This suggests that at normal
display contrast levels, display resolution (i.e. pixel width)
will not affect acuity performance as assessed by line dis-
placement tasks.

Klein and Carney (1990) argue that pixels should be
separated by no more than 0.3' of visual angle (or, approxi-
mately, 20") to eliminate sampling artefacts such as jaggies.
At a viewing distance of 45 em, this corresponds to a pixel
separation of 4 x 10- 2 mm. The vertical addressability of
most computer display terminals today range between
9 x 10- I and 1.7 x 10- I mm. And the horizontal
addressabilities range between 3.5 x 10- I and
1.7 x 10- I mm. Thus current displays do not approach
the addressability required to represent high-resolution
characters without sampling distortions.

Greyscale Filtering
Techniques have been developed to reduce the visibility of
annoying sampling distortions such as the infamous jag-
gies. These methods, often referred to as anti-aliasing or
greyscale filtering techniques, effectively blur or filter
characters before the sampling process. The display
addressability sets a limit on the spatial frequencies the
display can respresent. By filtering out frequencies greater
than this limit (known as the Nyquist limit), one can elim-
inate the aliasing errors that result from undersampling an
image. Thus, greyscale filtering refers to methods that first
blur or filter high-resolution representations of characters
and then sample the filtered representations at a lower
resolution. Low-resolution greyscale characters that are
generated in this way do not have the sharp edges or the
jaggies that are typical oflow-resolution binary characters
generated by sampling unfiltered versions of the charac-
ters. (For a description of greyscale filtering, see Crow,
1978;Warnock, 1980; Kajiya and Ullner, 1981.)

When very small characters are displayed on low-
resolution devices, the aliasing errors are so visible that
they mask the character. Under these conditions, people
are not able to read the displayed characters. Greyscale
filtering can enhance the legibility of text by blurring out
the sampling noise. Legge et al. (1985a) have shown that
people can tolerate large amounts of character blur with-
out exhibiting decrements in reading performance. In
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fact, the work by Legge et al. (1985a)and Ginsburg (1978)
suggests that a display bandwidth of 2 cycles/character
width is sufficient to read with no error at maximum read-
ing speeds.

Greyscale filtering is partly science and partly art. The
science lies in the understanding of how the display
addressability and resolution limit the kind of signals the
display can represent (Pratt, 1978). Ideally, one would like
to filter out frequencies greater than the Nyquist limit of
the display and reconstruct filtered images on the display
with an ideal pixel pointspread function (i.e. a sync func-
tion). However, practical limitations of the display, such as
Gaussian pixel shape, make the reconstruction less than
ideal (Kajiya and Ullner, 1981). In practice, display reso-
lution is ignored when designing algorithms for sampling
and filtering characters. Often this is because the gamma
and the pixel point-spread functions are unknown at the
time of character generation.

The art in greyscale filtering lies in selecting the filtering
algorithm that both maximizes character legibility and
minimizes the time to generate the filtered and sampled
character. To assist in the art of greyscale filtering, Farrell
and Fitzhugh (1990) developed a metric to predict the
perceptual effects of various filtering techniques, display
reconstruction and viewing conditions. They reasoned
that discriminability metrics that predict our ability to
detect whether two images are different can be used to
determine whether different convolution filters, display
architectures or viewing conditions result in perceived
differences in character appearance.

The metric Farrell and Fitzhugh (1990) chose to evalu-
ate was based on several assumptions about the way the
visual system processes an image of a displayed character.
First, they assumed that one of the first transformations
the visual system imposes upon an image is to compress
stimulus intensity, L by a power transformation, Y. This
stimulus transformation is often referred to as a com-
pressive non-linearity or non-linear transducer (Legge
and Foley, 1980; Legge, 1981). The assumption of an
initial non-linear intensity response is supported by stu-
dies that demonstrate a power law relation between per-
ceived brightness and stimulus intensity (Stevens, 1957;
Cornsweet, 1970). Moreover, there is a large body of evi-
dence supporting a power law relation between contrast
increment thresholds and background contrast (see Legge
(1981) for a thorough literature review).

Second, Farrell and Fitzhugh (1990) assumed that
human spatial contrast sensitivity can be described by a
single transfer function (see Equation 2.7). Finally, to
quantify the difference between two visually transformed
images, they computed the vector length of the filtered
difference between the two images. The vector length is
based on the Euclidean distance between two points in an
n-dimensional space.

t J(A,- BiY
;= I (2.10)

where Aiand Biare corresponding points in images A and
B, respectively.

For computational reasons, Farrell and Fitzhugh (1990)
used the square of the Euclidean distance or the squared
vector length of the difference. _ ote that this measure is
simply the difference between two visually-filtered images
expressed in terms of the sum of squared errors. The
measure is often referred to as the contrast energy
(Graham et a./., 1978;Nielsen and Wandell, 1988;Watson
et al., 1983)and hence Farrell and Fitzhugh (1990) refer-
red to their metric as the contrast energy difference metric
or CED metric.

To evaluate the CED metric, Farrell and Fitzhugh
(1990) presented two same or different digital versions of a
master character and asked subjects to indicate whether
the characters were the same or different in a forced-
choice procedure with feedback. To calculate the CED
metric, they first represented their stimuli as characters
convolved 'with the display pointspread function. The fil-
tered contrast energy difference was calculated by con-
volving the difference between stimulus pairs with filters
derived from published human contrast sensitivity func-
tions, following an initial non-linear transformation of
stimulus intensity, and summing the squared result. Far-
rell and Fitzhugh (1990) investigated a range of stimulus
differences (including differences resulting from contrast
quantization errors and Gaussian blurring) and found that
performance on discrimination tasks is monotonically
related to the contrast energy of the filtered difference
vector. Moreover, the same psychometric function pre-
dicts the discriminability of different letters, regardless of
how those differences were created.

The CED metric is limited by the fact that it does not
distinguish between filtered differences of equal magni-
tude that have different spatial arrangements, but rather
combines all the point by point differences into a single
number, thereby losing the spatial information about
where the difference originated from. In general, this
property of the metric may limit its usefulness. For exam-
ple, the lower-case letters P. q. band d can be designed to
be merely rotations and/or reflections of one another.
Although the perceptual difference between rotationally
or symmetrically invariant letters may not be equivalent,
the contrast energy in the filtered difference between these
letters will be identical.

Farrell and Fitzhugh (1990) explored the use of discri-
minability metrics for quantifying small differences in
digital representations of the same character that are gen-
erated by different techniques for sampling and filtering
high resolution characters. For these stimuli, the differ-
ences between stimuli all lie along the edges of the charac-
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ter and thus the phase or location of stimulus differences
may playa less significant role in predicting discrimination
performance.

Despite the afore-mentioned limitations, however, con-
trast energy difference metrics have also been used to
predict our ability to identify different characters as well
(Gervais, et al., 1984; Watson and Fitzhugh, 1989;
Loomis, 1990).Thus, it is possible that the CED metric
may also help in the design oflegible fonts, where legibility
is maximized when the difference between characters in a
font is maximized. Unfortunately, such highly legible
fonts may also be unbearably ugly to look at.

Character Size
Despite the fact that many people now spend a consider-
able amount of time reading video displayed text, only
recently have investigators explored how character size
influences our ability to read such text. The most complete
and careful work on this problem has been reported by
Legge and his colleagues (Legge et al., 1985a,b, 1986,
1987);Legge and Rubin, 1986).

In one of their first investigations, Legge (1985a) scan-
ned printed characters using a video camera and displayed
them on a video monitor. In other words, high resolution
characters were first sampled and filtered by the video
camera and then transformed by the video monitor. Legge
et at. (1985a) estimated character size by the centre-to-
centre spacing of the displayed character and measured
the maximum error-free reading speed for characters
ranging in size from 0.06 to 24° of visual angle. Maximum
error-free reading speed was estimated by presenting lines
of text, one letter at a time from left to right in a horizontal
direction, and asking subjects to read the text out loud.
Legge et al. (1985a) increased the writing speed to the
point where subjects could no longer read the text without
errors.' Legge et al. (1985a) found that the maximum
error-free reading rate is constant at about 250 words/
minute for character sizes between 0.2 and 2° of visual
angle and declines for both smaller and larger characters.

Snyder and Taylor (1979) displayed 7 x 9 bitrnap char-
acters varying in size (where character size is estimated by
the distance between centres of the outermost pixels in the
vertical character height) and asked subjects to press a
button when they were first able to recognize the letter.
Characters were displayed for as long as it took subjects to
make the decision. Although both response speed and
accuracy were measured, Snyder and Taylor (1979) did
not analyse speed-accuracy tradeoffs. They did, however,
report the accuracy of character identification as a function
of character size (expressed in millimetres). Their data are
replotted in Fig.2.9 with character size expressed in
degrees of visual angle. This figure shows that identifica-
tion performance is perfect for character sizes greater than
0.16° of visual angle. Thus, the effect of character size
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Fig.2.9 Character identification accuracy plotted as a function
of character size. The data were originally reported by Snyder
and Taylor (1979). The solid line represents the best-fitting
Weibull psychometric function.

upon identification accuracy and reading speed is similar:
Performance increases with character size up to about 0.2°
of visual angle and is constant thereafter.

Legge et at. (1985a) blurred displayed text by placing a
sheet of ground glass between the video display and sub-
jects. The sheet of glass acted as a radially symmetric
low-pass filter and could, therefore, be characterized by its
radial bandwidth. Legge et al. (1985a) varied the amount
of blur by varying the distance between the sheet and the
video display. They found that reading performance was
not affected as long as the radial bandwidth of the glass
diffuser was equal to or greater than 2 cycles/character
width. Since 2 cycles/character width are sufficient to
reconstruct a character's fundamental frequency, Legge et
at. (1985a) concluded that the contrast at the character's
fundamental frequency influences reading performance.
Note that the fundamental frequency of a character that
subtends a visual angle of 0.2° is 5 c deg - I. Thus the find-
ing that reading performance falls off with characters sub-
tending a visual angle less than 0.2° is consistent with
human contrast sensitivity functions that peak around
5 c deg - I and fall off with higher spatial frequencies
(Campbell and Green, 1985; Campbell, 1968; Kelly,
1(74).

Retinal Eccentricity
Our ability to identify characters depends on the location
of the characters within our visual field (Ludvigh, 1941).
For example, when one is looking at a display monitor, one
can clearly see and read the portion of the display that falls
within foveal vision but one cannot see information that is
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L 111(1.1:- Lminpresented far away from the centre of fixation. In design-
ing large video displays, it is important to know how the
user's ability to see parts of the display changes with dis-
tance from the centre of fixation.

From psychophysical studies it is known that static tar-
gets that are scaled approximately inversely with distance
from fixation are equally detectable (Rovamo et al., 1978;
Rovamo and Virsu, 1979;Virsu and Rovamo, 1979;Kelly,
1984; Virsu et al., 1987). Farrell and Desmarais (1990)
extended these results to character identification. They
showed that it is possible to linearly scale the size of visual
symbols as a function of their location in the observer's
visual field such that all symbols will be equally identifi-
able and, therefore, transmit equal amounts of visual
information. It appears, therefore, that it is possible to
enhance our ability to identify, as well as to detect, objects
by linearly scaling stimulus size with stimulus eccentricity.

The results of Farrell and Desmarais (1990) suggest
that one might effectively increase the user's functional
field of view by scaling the size of objects so that all objects
are equally identifiable. For some types of computer dis-
plays, enhancing the visual processing of peripheral infor-
mation might be productive. For example, enhancing the
detection and identification of visual targets in the user's
periphery might increase the effectiveness of large radar
displays or nuclear power plant control panels.

Another way to take advantage of the fact that visual
acuity is high in the fovea but decreases with distance from
the centre of fixation is to design non-uniform or spatially
inhomogeneous displays that present high-resolution and
high-detail images to the user's foveal vision and low-
resolution and low-detail images to the user's peripheral
vision. By filtering stimuli as a function of where it occurs
within the user's visualfield, one can reduce the sampling
requirements for display stimulus reproduction.

One example of these so-called variable acuity or vari-
able resolution displays is a projection display that uses
non-linear projection optics to distribute display pixels in
the user's visual field (Fisher, 1982, 1984). The optical
system effectively reduces both the projection display
addressability and resolution with distance from the user's
centre of fixation. Each time the user makes an eye move-
ment, an eye sensor signals the change in eye fixation to the
optcial system which, in turn, projects a new image based
on the new fixation point. This display, though still in the
early development stages, is an excellent example of fitting
display parameters to match the psychophysical
properties of the human eye.

Luminance Contrast
The contrast of displayed characters clearly determines
the legibility of displayed text. Stimulus contrast refers to
the luminance (or reflectance) of a character with respect
to the background upon which it is displayed. A common
measure of contrast is

(2.11)

where Lmin and Lmax are the minimum and maximum
display luminances, respectively. This measure of con-
trast, often referred to as the Michelson contrast measure
(Michelson, 1927), is a convenient expression of the con-
trast of sine wave gratings, since it normalizes contrast by
the average or DC level of stimulus luminance. It is also a
meaningful expression of the contrast of text when text is
treated as a periodic pattern ofluminance across space (see
Legge et aI., 1985a, 1987).

Another measure of character contrast is the ratio of the
luminance of the character, L" to the luminance of the
background, Li, i.e.

(2.12)

This measure, often referred to as luminance ratio, is a
convenient expression of the contrast of a single character
for which a DC level ofluminance may not be meaningful.

Legge et a/. (1987) found that the maximum error-free
reading rate increases with Michelson contrasts up to 0.1
and is constant thereafter. They also found that smaller
characters require more contrast to achieve the same read-
ing speed. Character contrast and size also interact in a
similar way to influence character identification. Snyder
and Taylor (1979) also reported that increasing character
contrast improved character identification performance
and that this effect was larger for smaller characters.

Legge et al. (1987) normalized the function relating
reading speed and contrast by dividing the contrast that
produced the maximum error-free reading speed with a
threshold contrast level required for character identifica-
tion. Once the human sensitivity to characters with differ-
ent sizes has been taken into account, reading speed is an
increasing function ofluminance contrast only. Moreover,
the relationship between reading speed and normalized
luminance contrast follows a power law (Legge and Foley,
1980).Legge et al. (1987) suggest that the fact that reading
speed is relatively constant for contrasts ranging between
0.1 to 1.0, may reflect the compressive non-linear relation-
ship between an internal visual response, R, and stimulus
contrast, C, that is often reported in the literature
(Stevens, 1957, Legge, 1981).

R = aC04 (2.13)

Display Polarity
Many people argue in favour of displaying black charac-
ters against a white background, as opposed to white char-
acters against a black background, on the grounds that this
type of display will simulate printed paper. Others (Lunn
and Banks, 1986) have argued that high contrast bright
characters on a dark background are more 'visually-
fatigueing' than dark characters on a bright background.
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This conjecture is unresolvable, however, because there is
no agreement on how to define and measure visual fatigue.

There are many differences between displays with dark
characters on a bright background and displays with the
reverse polarity. First, the mean display luminance, aver-
aged over the entire screen area, is higher for dark charac-
ters on a light background than for the reverse polarity.
But the modulation of contrast about the mean or DC
display luminance is higher for light characters on a dark
background (see Pelli, 1989). This results in a noticeable
afterimage at the text line frequency for light characters on
a dark background and an elevation in the threshold for
detecting a grating at the text line frequency (Pelli, 1989).

Despite these physical and psychophysical differences,
Legge et al. (l985a) found no difference in reading speed
due to contrast polarity. This finding was again replicated
over a larger range of contrasts by Legge et al. (1987).
Bauer and Cavonius (1980) found that subjects were able
to identify characters slightly better when the characters
were presented as black characters against a white back-
ground. However, this effect was not significant at the
large contrast levels that are normally present in today's
data-entry monitors.

The slight, if non-existent, advantage of black text on
white background displays must be weighed against the
clearly significant disadvantage that these are more likely
to appear to flicker than dark background displays (see the
earlier discussion of flicker). On the other hand, white
background displays are less susceptible to reflections of
ambient lighting. Once again, display polarity is
accompanied by perceptual and technical tradeoffs, Dark
backgrounds minimize flicker but maximize ambient
reflections which, in turn, can reduce character contrast.
Bright backgrounds maximize flicker but. minimize
ambient reflections. The viewing environment will deter-
mine to a large extent which of these two perceptual
effects, flicker or glare, is more annoying.

Chromatic Contrast
Until recently, it has generally been believed that lumin-
ance contrast governs reading speed, whereas chromatic
contrast has no effect on reading performance (see e.g.
Tinker and Paterson, 1931).However, recent experiments
by Knoblauch and Arditi (1990) and Legge et al. (1990)
suggest that, under some stimulus conditions, chromatic
contrast can enhance reading performance.

Knoblauch and Arditi (1990) showed that when char-
acters are displayed against a background that is matched
in luminance, chromatic contrast can enhance reading
performance. Although Knoblaugh and Arditi (1990)
were able to demonstrate that chromatic contrast has an
effect, they were not able to show how reading speed
depends on the amount of chromatic contrast. This is

because it is not at all obvious how one should quantify
chromatic contrast.

Legge et al. (1990) devised an ingenious method for
quantifying chromatic contrast. They used only the red
and green phosphor guns to display both the characters
and the background. In the maximum chromatic contrast
condition, the characters were displayed by addressing the
red (or, conversely, the green) gun only and the back-
ground was generated by addressing only the green (or,
conversely, the red) gun only. In the minimum chromatic
contrast condition, the characters were displayed by
addressing the red and green guns for both the characters
and the background. In this instance, the display would
appear to be a uniform yellow. To generate character dis-
plays with intermediate levels of chromatic contrast, the
ratio of red/green values were varied both for the charac-
ters and the background. For example, if the characters
were created by addressing the red gun with a digital value
that produced a luminance value of x, and the green gun
with a digital value that produced a luminance value of2x,
then the background would be creased by addressing the
red gun with a digital value that produced a luminance
value of 2.• and the green gun with a digital value that
produced a luminance value of x. Since the luminance of
the characters matches the luminance of the background
(e.g. 3x), the display is said to be equiluminant. The chro-
matic contrast can now be expressed in terms of a
Michelson contrast ratio:

LR- Lr = Lc- Lg
LR+ L, Lc+ Lg (2.14)

where LR and L, are the maximum and minimum lumin-
ances produced by the red gun, and Lc and ;Lg are the
maximum and minimum luminances produced by the
green gun, respectively. Again, because Lc =LR and
Lg= L" the character displays were equiluminant.

Legge et al. (1990) found that chromatic contrasts of 0.3
or greater can generate reading speeds as fast as the fastest
reading speeds for character displays with high luminance
contrast. Reading rates do, however, decline faster with
chromatic contrast than with luminance contrast.

To compare reading performance for characters with
chromatic or luminance contrast, Legge et al. (1990) nor-
malized contrast at all reading levels by dividing stimulus
contrast by a threshold contrast value. The threshold con-
trast was defined as that contrast that produced an error-
free reading speed of 35 words/minute. After normalizing
stimulus contrast, Legge et al. (1990) found that functions
relating reading rate to normalized contrast for both
colour and luminance superimpose. Based on this result,
Legge et al. (1990) concluded that above a threshold level
of performance, the visual system processes colour- and
luminance-contrast signals in a similar fashion.
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Legge et al. (1990) found that contrast threshold for
small characters (1°) is lower for luminance contrast than
for chromatic contrast, whereas the threshold for large (6°)
characters is the same for luminance and chromatic con-
trast. This is consistent with the notion that centre-
surround units for detecting chromatic contrast are larger
(i.e. units detecting chromatic contrast respond best to
relatively low spatial frequencies) (van der Horst, 1969;
Granger and Heurtley, 1973;Kelly, 1983;Mullen, 1985).
These large size units can detect purely chromatic contrast
oflarge stimuli as well as large size units that detect purely
luminance contrast. Thus there is no difference in contrast
sensitivity for large stimuli that differ in purely chromatic
or luminance contrast. Finally, Legge et al. (1990) repor-
ted that the effects of chromatic and luminance contrast do
not add in their effects on reading speed. This result sug-
gests that the units that detect chromatic contrast and
luminance contrast are independent.

Space and Time

Motion can be represented on computer displays by a
succession of discrete samples of a continuously moving
object. If the temporal sampling of the continuous motion
is high enough, the apparent motion created on the com-
puter display will be indistinguishable from real motion.
When the sampling rate is not high enough, the appear-
ance of continuous motion is replaced by multiple images
of the moving object. The multiple images are the result of
undersampling the continuous motion of an object and
are, therefore, a form of sampling or aliasing error.

Watson et al. (1986) investigated how often one must
sample continuous motion in order to create the illusion of
motion that is indistinguishable from real motion. They
reasoned that people will be able to detect the difference
between continuous and sampled motion when they
cannot detect any aliasing error that arises from under-
sampling the continuous motion. They used the well-
known fact that there is an upperbound on temporal and
spatial sensitivity to define a region in a spatiotemporal
frequency space that represents the stimulus energy that
people can detect. They referred to this region as the
'window of visibility'. Watson et al. (1986) used the
window of visibility, bounded by the upperbound on tem-
poral sensitivity, WI. and the upperbound on spatial sensi-
tivity, It" to predict the critical sampling frequency, Wethat
will produce a sampled motion that is indistinguishable
from real motion.

We=w,+uk) (2.15)
where r is the velocity of the continuous motion that is
being sampled. In other words, the critical sampling rate is

a linear function of velocity with intercept determined by
the upperbound on temporal sensitivity, w, and slope
determined by the upperbound on spatial sensitivity, u,.

Watson et al. (1986) tested this prediction by presenting
subjects with computer-generated motion stimuli and
asking them to judge whether the motion was continuous
or sampled. On each trial, subjects viewed two stimuli.
One of the stimuli was an oversampled (and, therefore,
continuous) motion and the other was a sampled motion.
Subjects made a forced-choice decision about which of the
two stimuli was the sampled motion and were given feed-
back after each decision. Watson et al. (1986) found that
the critical sampling rate was a linear function of motion
with intercepts around 30 Hz for both subjects and slopes
around 13 and 6 c deg - I of visual angle for two subjects,
respectively. This result supports Watson et al.'s (1986)
prediction that if the aliasing error falls within the bounds
of the window of visibility, people will be able to detect the
difference between the oversampled and undersampled
motion.

The highest spatial and temporal frequency that people
can detect define the limits of the window of visibility.
These limits are, in turn, a function of stimulus contrast.
For example, Watson et al.'s (1986) estimate of the highest
temporal frequency people could detect was 30 Hz. At
higher stimulus contrasts, people can detect temporal fre-
quencies as high as 80 Hz. Similarly, Watson et at.'s (1986)
estimate of the spatial limit was low, relative to the highest
spatial frequency people can detect at high stimulus con-
trasts.

Watson et at. (1986) demonstrated that people can
detect the difference between two stimuli when the con-
trast energy in the stimulus difference lies within a rectan-
gular region in spatial-temporal frequency space (a so-
called 'window of visibility') that is bounded by separate
and independent limits on spatial and temporal sensitivity.
This does not mean that human spatial and temporal sen-
sitivity can be completely characterized by a rectangular
region in spatial-temporal frequency space. Rather, the
results of the Watson et at. (1986) study show that for
purposes of detecting the difference between continuous
and sampled motion, this approximation is sufficient.
Equations 2.1 and 2.7 also express useful approximations
to human temporal and spatial sensitivity, respectively. A
more complete characterization of human and temporal
sensitivity can be found in Kelly (1977).

Conclusions

The optimization of display design relies upon our ability
to characterize all three components of the human-display
interface, that is, the nature of the signal that is to be
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transmitted, how the display transforms the signal and
finally, how the visual system transforms the displayed
signal. Data-entry video display terminals are designed to
transmit alphanumeric characters. In this example, the
signal can be described in terms of the image bitrnap that is
sent to the display controller. Using knowledge about the
gamma functions, the pixel-point spread functions, and
the horizontal and vertical distance between adjacent
pixels, one can describe how the bitrnap is transformed by
the display. Having a representation of the displayed stim-
ulus, one can generate a representation of the information
that is available to the observer by filtering the stimulus
using published human spatial and temporal sensitivity
functions.

Once the stimulus has been visually-filtered, one can
ask: How do people use the available information to
detect, discriminate and identify the stimulus? A very
simple but effective predictor of our ability to detect the
presence of a stimulus is the contrast energy available in
the visually-filtered stimulus. This chapter describes a
method for predicting the visibility of display flicker (Far-
rell (1986, 1987) and Farrell et al., (1987, 1988) and a
method for predicting the visibility of a display raster
(Murch et al., 1985).Both methods are based on the con-
trast energy in the temporal and spatial frequency in the
displayed stimulus. It is also possible to predict one's abil-
ity to discriminate between two displayed stimuli by the
amount of contrast energy in the difference between the
visually-filtered stimuli. In other words, people should be
able to discriminate between two stimuli when they can
detect their difference. Farrell and Fitzhugh (1990) were
able to predict when people could discriminate between
two different greyscale versions of the same character
based on the contrast energy available in the difference
between the visually-filtered greyscale characters. And
Watson et al. (1986) showed that people could discrimin-
ate between two motion stimuli (so-called 'continuous'
and 'sampled' motions) when they could detect the
spatial-temporal contrast energy in the difference between
the two stimuli.

Our ability to identify characters is also dependent, in
part, on the contrast energy in the visually-filtered charac-
ters. For example, the effect of the character size upon
identification and reading performance can be explained
in terms of the contrast energy in the fundamental spatial
frequency of visually-filtered characters (Ginsburg, 1978;
Legge et al., 1985a). Finally, the probability that two let-
ters will be confused is influenced by the contrast energy
in the visually-filtered difference between the two charac-
ters (Gervais et al., 1984; Watson and Fitzhugh, 1989;
Loomis, 1990).

In this chapter, I have presented several examples of
how existing models of human vision can be used to pre-
dict human performance on a variety of human computer

tasks, ranging from the ability to detect and discriminate
between different displayed patterns to the ability to read
and interpret visual displays of information. In all of these
examples, a model of a standard observer was first defined
and then applied to the problem of display optimization.
The development of a standard observer is the basis of
numerous tools that engineers can use to test the effec-
tiveness of human-display interfaces. For example, stan-
dard observers for achromatic and chromatic vision have
been extremely useful in solving a variety of industrial
problems, including the quantification of a visible light
and the specification of colour tolerances. Similarly, stan-
dard observers for temporal and spatial sensitivity have
been useful solving problems in display design, including
the specification of display parameters that eliminate
flicker, jaggies and other annoying temporal and spatial
display artefacts.

Notes
"This simplification is true only for displays with phosphors that
decay exponentially oyer time. Many phosphors have several compo-
nents that decay at different rates. The method can be applied if the
decay of such complex display phosphors can be described by a single
exponential decay rate.
'Whereas there are other published analytical descriprions of human
contrast sensitivity, Equation 2.7 is 3 convenient expression because it
simplifies the derivation of a spatial weighting function (Farrell and
Firzhugh, 1990).
'Legge et al. (1985a) found this maximum error-free reading speed to
be a robust measure of reading performance that correlates wirh per-
formance on silent reading tasks. Moreover, the facr that the tran-
sition from error-free to error reading rare is abrupr indicates that the
measure is sensitive to changes in character size.
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