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Arnold Wilkins
Medical Research Council Applied Psychology Unit
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Reading can provoke perceptual distortion, eye strain, headaches, and seizures.
In this chapter it is argued that these adverse effects occur because the successive
lines of printed text rescmble a pattemn of stripes. The stripelike pattern can have
spatial characteristics within a critical range for which adverse effects are pos-
sible. The striped propertics vary considerably from onc text to another and
depend in part on the horizontal and vertical spacing of the words, There are
large individual differences in susceptibility to the effects of stripes. It is shown
thal in persons who are susceptible, text can usually be made clearer and more
comfortable by covering the lines that are not being read, thereby attenuating the
striped pattern. Some people find that tinted glasses reduce the anomalous per-
ceptual effects provoked by text, The appropriate tint varics from one individual
to another and may be very specific. It can be selected using a colorimeter and
associated tinted trial lenses. The physiological basis for efficacy of the tints is
uncertain but may relate to a selective impairment of achromatic or color-oppo-
nent channels, It may be possible to change the spatial characteristics of conven-
tional text slightly and improve clarity without increasing costs.

PATTERNS CAN BE HARMFUL

About 4% of patients with epilepsy are photosensitive and liable to seizures
induced by flickering light. About half these patients are sensitive not only to
flickering light but also to geometric patterns, particularly stripes with certain
specific characteristics. It can be inferred that the scizures arise in the visual
cortex when normal physiological excitation involves more than a critical
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FIG. 20.1. Spatial characteristics of patterns responsible for illusions
and selzures. The solid lines show the probability of epileptiform EEG
actlvity in patients with photosensitive epilepsy. The probability was
estimated from repeated randomized presentations of the pattern. The
values for a.group of patients were averaged. The gray lines show the
average number -of illusions of color, shape, or motion reported by
normal observers, (a) Effects of the field size {angular subtense of the
radius of the pattern at the eye). (b) Effects of the spatial frequency of a
square-wave grating {number of spatial cycles of the pattern in one
degree subtended at the eye). (c) EHects of the duty cycle (proportion

. of spatial cycle occupied by bright bars), {d) Elfects of the Michelson
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contrast (difference in the luminance of the bright and dark sections of
the pattern oxprossod as a proportion of their sum). Icons beneath
each x-axis demonstrate variations in the parameter. The patterns in
these icons are shown with horizontal stripes, although some of the
data were collected using different orientations. In general, pattern
orisntation had little effect. The curves were obtained by manipulating
each parameter independently, the values of the other parameters
being chosen arbitrarily, As data wers acquired it transpired that the
values chosen were close to those for which illusions and epileptiform
EEG activity weres maximally likely (after Wilkins et al., 1984), The solid
points and horizontal bars indicate the mean +/~ 1 sd of the value of
the parameter for text, when text is considered as stripes, The upper
and lowar bars cofar to “loas cloar” and "clonr” taxt, raspoctivoly. In
{a), central fixation of the page is assumed and hall the width of the
page is taken as the radius of the pattern. In (b}, the observer’s choice
ol a comfortable reading distance is used. in (c), the astimate is based

|
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number of cortical neurons (Wilkins, Binnie, Darby, & Kasteleijn-Nolst Trenité,
1990).

The patterns that provoke epileptiform activity in patients with photosensitive
epilepsy are judged unpleasant by people who do not have epilepsy. The pattems
induce a variety of anomalous visual effects that may be cortical in origin. People
who suffer headaches and eye strain are particularly susceptible to the illusions
(Khalil, 1991; Marcus & Soso, 1989; Wilkins ¢t al., 1984). Susceptibility is
increased up to 24 hours before a headache (Neary & Wilkins, unpublished data).
In persons with migraine who have a consistently lateralized visual aura, the
susceplibility (between headaches) is greater in the affected visual field (Khalil,
1991).

It is only when they have certain very specific spatial characteristics that
patterns become aversive and induce anomalous visual effects and unpleasant
neurological sequelae. The worst patterns are those of black-and-white stripes,
particularly (a) when the pattern is large; (b) when each stripe subtends about 10
min of arc at the eye (i.e., the spatial frequency of the pattern is about 3
cycles/degree); (c) when the stripes have an even width and spacing (a duty cycle
close to 50%); and (d) when the stripes are bright and strongly contrasting. The
efTects of these patiern characteristics are shown in Fig. 20.1. Figure 20.2 pro-
vides an example of an aversive pattern with spatial characteristics for which
illusions and seizures are likely. The pattern is yet more aversive if it vibrates or
changes phase (black-white, white-black) repeatedly at a frequency close to 20
1{z. Warning: Do not look at fig. 20.2 if you have epilepsy or migraine.

Text As a Striped Pattern

Thesuccessive lines of text form a pattern rather like that of stripes. If you look
atthe textinthisparagraphand almost close youreyesso that you cannolonger
sce detail, the stripes will become more apparent, You may find the textin this
paragraph more difficult to read than on neighhoring paragraphs, and that it
becomes clearer when the lines above and below those you are reading are
covered up, The text in this paragraph has been altered so that the spacing of
lines and letters increases the effect of the stripes, as is described.

on the ratio of x-height to interline spacing. In (d) the estimates are based on the space-
averaged reflectance of a rectangular section of the page, with width similsr to that of
tha ling and haight Insa than tho x-haight of tho lottora {altar Wilkins & Nimmo-Snwh,
1987). Note that the parameter ranges for text are close (o the peak of the functions for
spalial frequency and duty cycle. The short vertical bars represent the values for the
patiern shown in Fig. 20.2 when viewed from a distance of 0.4 m.
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FIG. 20.2. An example of a pattern with characteristics likely to in-
duce anomalous visual effects, discomfort, eye strain, hea?aches. and
seizures. Cover this pattern il you have epllepsy or m(‘gmna.

Measuring the Stripes

The angular size of the grating-like pattern that text provides i.s dctermincq by the

size of the page (less the margins) and the distance f.rom which lh‘e text is .rca.d.

The reading distance and the interline spacing combine to dc(emm‘\c the spatial

frequency of the grating (the number of spatial cycles of the patter in one dc.grce

of angle subtended at the cye), The ascenders and descenders of Iclt?rs comnb.ulc
little 1o the mean line density profile of a line of text (Wilkins & Nnmmo-Sm.nh.

1987). If, for the sake of simplicity they are ignored, the width of the stripes
depends on the height of the central body of the letters, or x-height, nr.\d the x-
height and interline spacing combine to provide an estimate .of the ratio of l'fur
width to bar separation (duty cycle) of the grating. (Note that in acFordancc with
convention the duty cycle refers to the ratio of the width of the bright bar to the
period of the grating, so that in the present context the f!uty cycle would_ be
estimated from the difference between the interline spacing and the x-t.:clgl_u
expressed as a ratio of the interline spacing). The contrast of the grating is
Jetermined by the contrast of the ink on the paper and the width and spacing of
the letter strokes and can be estimated from the space-avcragcd.rencclanc? o.f a
line of text, measured using simple photometric methods described by Wilkins
and Nimmo-Smith (1987). ¢

The horizontal bars in Fig. 20.1 show, for text printed on paper, the range of

values of each pattern characteristic. These values were obtained in the study by
Wilkins and Nimmo-Smith (1987), who asked volunteers to select books from
their personal libraries, choosing those with “clear” and “less clear” text. The
upper bars show the values for “less clear™ text.

l
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Extending the Measurements to Two Dimensions

Text is a two-dimensional pattern and the stripelike quality depends on the
variation in character density within a line, and the extent to which, such varia-
tions change from one linc to another, as shown in Fig. 20.3,

Consider the two sumples of text shown in Fig. 20.3a. Both have similar linc
spacing and characler spacing, but in the sumple on the left the spaces between
neighboring words are rather small,

Figure 20.1b shows that spatial requencics in the range | to 8 cycles/degree
are most likely to be harmful, at least for gratings with sharp edges, or more
carrectly, those with a square wave luminance profile. (The narrow spatial tuning
of the function suggests that the higher frequency harmonics of the square wave
gratings have only a small effect). Watt and Wilkins (unpublished observations)
Jfiltered samples of text so that only these midrange spatial frequencies werc
visible, see Fig, 20.3. '

Figures 20.3b and 20.3c show the filtercd images. In Fig. 20.3c the standard
deviation of the filter is twice as large as in Fig. 20.3b, in other words more of
the details (high spatial frequencies) have been removed. Note that the sample on
the left is striped and remains so for a wide range of filter settings. In the sample
of text on the left the words in a linc easily blur together to form a stripe, whereas
in the sample on the right the words tend to remain separate. As the standard
deviation of the filter is increased, increasing the blur, the words in the sample on
the right tend to coalesce with those on lines above and below as much as with
those on the same line. In Figs. 20.3d and 20.3¢ the contrast of the filtcred image
has been exaggerated by setting all luminance values below the mean to black:
and those above to white. This serves to make the stripes more visible. Those
readers who are susceptible to the effects of stripes may see illusions in the
patterns on the left, but are less likely to do so in the patterns on the right, which
have shorter line segments (sce Fig. 20.1¢). The text on the right may appear -
casier 10 read. For further examples of the effects of filtering see Watt, Bock,
Thimbleby, and Wilkins (1990).

VISUAL AND CLINICAL EFFECTS
OF THE "STRIPES"” IN TEXT

In the previous section it has been shown that text is theoretically appropriate for
the induction of illusions, eye strain, headaches, and scizures. In the following
sections it is shown that text does indeed provoke these unfortunate effects in
people who are visually sensitive: those who suffer photophobia or photosen-
sitive epilepsy. The anomalous visual effects and eye strain are considered first.
The evidence conceming seizures is discussed later,
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wf and sluminkum there are many Imply family decisions were takes Anomalous Visual Effects
#rout ssh for handies. Heavy h ] was Hable 10 be most acris
Fng aes are o usually in the Amerig 18 was then that letters, if any, wa Wilkins and Nimmo-Smith (1987) asked normal observers to look at a letter in
m&mmﬂﬁ "YMM*&:?MW the center of a page of text for 30s. Various anomalous visual cffects were
:&.mammmwﬁl % a reported, covering the range of illusions commonly seen in striped patterns, and
50 by forcing s et wood ihedugh| o . % in including a lattice of faint rhomboid shapes: an illusion sometimes reported after
Wﬂm'ﬂ‘ k in prolonged observation of a striped pattemn. When text with a larger typeface was
Wt ondy fo K ¢ Lt 2 used, so that the spatial frequency of the grating was reduced, the size of the

P quency

rhomboid lattice increased in just the same way as when the spatial frequency of
a graling is reduced.

The 3rd paragraph on page 437 has been typeset in such a way as to render
illusions likely. The height of the central body of the letters (x-height) has been
reduced so that at a typical reading distance of 0.4 m it subtends 10 min of arc at
the eye; the lines of text have been separated by spaces of similar height so that
the duty cycle of the “grating” is close to 50%; the contrast of the lines has been
increased by reducing the spaces between adjacent letters and words. The spatial
characleristics formed by the text are close to those for which illusions are
maximally likely. When you look at the paragraph in a strong light the lines may
seem to shimmer. If you gaze at a letter in the center of the paragraph for a while,
| a faint rhomboid lattice may appear. Compare the illusions you sce in this
paragraph with those seen in the grating in Fig. 20.2. They will be less intense
but are probably similar in nature.
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Eye Strain

The samples of text shown in Fig. 20.3 were selected by o 4 I-year-old woman
who was unable to read for more than about 20 min before she suffered disorien-
® wuw ten s S § e St tation (which she described as feeling “disconcerted™). She selected the sample
on the left of Fig. 20.3a as being particularly difficult to read: The other sample
gave her no problems.
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FIG. 20.3. Two samples of printed text {a) before and (b-e} after spatial filtering. Both
— *'ﬁ S —— samples have similar line spacing and character spacing but the sample on the left has
——-'.—-—-—. »- e WD | g greater interword spacing. These samples were selected by a 41-year-old woman who
e NI e ’.Vj- g "". ""': iu!lmc(l an in?.bilily 10 read for periods of mora than about 20 min without fesling
e T EU I NS — e ] disconcerted.” She selected the sample on the lelt as being particularly ditficult 1o
S ORI R —" [ d = ) p— o S} read: The sample on the right have her no problems. In {b] the samples of text above
e oo —'= S ‘—'—‘: have been liltered by convolution with a Mexican hat filter, which has the elfect of
I ————————— -t [ ’tr- remaving the high spatial frequency componants. In {c) the filter has 8 standard devia-
——— m — Ir::". -?: tion twice that in {b). In {d) and (e) the liltered images in (b) and (c} respectively have
——uifiy wiy B SR . been altered to make the “stripes” more apparent by setting all luminance values
- - - abova the mean to white and all those below to black.
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FIG. 20.4. The mean horizontal spacing between words plotted as a
function of the vertical spacing between lines for samples of “clear”
and "less clear” text selected by undergraduates. The samples of clear
text tend to have a relatively large spacing between words and be-
tween lines (Wilkins, unpublished data).

depends in part on the relationship between the horizontal spacing between
words and the vertical spacing between lines. Figure 20.4 shows these variables
for samples of text selected as “clear™ or “less clear™ by undergraduates. As can
be seen. “clear” text tends to have larger spaces between the words and between

" the lines.

PREVENTING EYE STRAIN, HEADACHES,
"~ AND SEIZURES

Reading Masks

In 1897 Prentice described a device that he christened the “Typoscope.” It
consisted simply of a card in which was cut a rectangular slot sufficient to reveal
one line of text when the card was placed on the page of a book (see Mehr, 1969).
The front surface of the card was matt black and was thought to reduce the effects
of scattered light in patients with cataract and those with amblyopia (lazy eyc)
who wore lenses with strong magnification. The devise has been reinvented (and
different versions patented) several times since then. Figure 20.5 provides a
demonstration of the effects of a reading mask.
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A demonstration of the effects of a reading mask, The text in this figure has been set
in 12pt Times on a Macintosh computer using Aldus PageMaker (R) with default
volues for letter spacing, word spacing and line spacing. There are iwo passages of text,
both identical, the lower onc "covered” by a reading mask so as to reveal just three
central lines. Compare the clarity of these lines in the top passage with their clarity in
the the bottom passage. These are the central lines. Some people perceive these lines
1o have a greater clarity when the surrounding lines are masked, They report that the
letters appear more contrasted, or that the lines appear further apant. You may perceive
these improvements in clarity if you also see illusions of colour, shape or movement
in the pattern of stripes shown in Figure 2, It is argued that the perceptual distortions
you see in Figure 2 measure your susceptibility to stripes, that the successive lines of
textresemble stripes, and that covering the unnccessary lines with amask removes their

* deleterious effects, improving the clarity of the text that remains,

A Baonsh
va "f‘-*__‘,’l' At B}'gg@
ce %ﬁ?&i M C Y:E'uo

the the bottom passage. Thcse are the central Imcs. Some peoplc pcrccwe these lines
to have a greater clarity when the surrounding lines are masked. They report that the
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FIG. 20.5. Demonstration of the ellects ol a reading mask. For many
readers, the text in the window appears clearer than the identical text
in the unmasked paragraph above.

A reading mask such as that in Fig. 20.5 reduces the cffects of the striped
pattern by covering the stripes above and below those being read. In a study by
Wilkins and Nimmo-Smith (1984) about 70% of normal observers noticed that
the text in the “window" of such a mask appeared clearer, The observers who
noticed the improvement in clarity tended to be those who reported many illu-
sions in a pattern of striped lines (see Fig. 20.2). In the same study about onc-
third of a sample of people who suffered eye strain or headaches from reading
rcponcd that a reading mask was of sufficient benefit to be worth the nuisance of
using it. No benefits were reported from “placebo™ aids that did not cover the
lines both above and below those beig read, These studies helped with the
design of an inexpensive reading aid xénw marketed as the “Cambridge Easy
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TABLE 20.1
Incidence of epileptiform EEG activily (discharges/min) in three
patients with photosensitive epilepsy and pattern sensitivity, The
EEG was recorded whilst the patients were at rest and when they
read a book with and withQul a mask that darkened and blurred
the lines of text above and below those being read.
{Atter Wilkins & Lindsay, 1985.)

Patient MN  Patient Patient R8
Atrest _ 0.70 0.00 Not tested
Reading without mask 1.48 2,67 8.52
Reading with mask 0.73 0.58 ‘2,50

Reader” by Engineering and Design Plastics, 84 High Street, Cherry Hinton,
Cambridge, UK. The device consists simply of two rectangular pieces of grey
matt translucent plastic joined along one shorter cdge by a magnetic slide,

- Wilkins and Lindsay (1985) reported that the reading aid reduced liability to
seizures in patients with epileptic pattern sensitivity, The electroencephalogram
(EEG) was recorded during periods of rest, and also during randomly interleaved
periods when the paticnt read a book in the usual way, and when the book was
read using the reading mask. The mask darkened and blurred the lines of text
above and below- those being readl; and was adjusied so that it left three lines
unobscured. Table 20,1 shows the rate of epileptiform EEG discharges during the
three conditions, for the two paients reported by Wilkins and Lindsay and for a
third patient subsequeatly recordedl by Darby (personal communication), The
incidence of epileptiform discharges was significantly increased by reading, and
significantly reduced by the use olf the reading mask.

i

OVERLOAD OF THE VISUAL SYSTEM

The findings described so far have been interpreted from a theory of visual
discomlort originally outlined by Wilkins et al. (1984). According to the theory,
visual discomfort is a reflection of an “overload” of the visual system. The
overload can be understood from several different but mutually consistent points
of view, (a) The visual system is particularly sensitive to the stimuli that give rise
to discomfort; (b) the stimuli that cause discomfort give a greater aggregate
neurological response than others; (c) uncomfortable stimuli are difficult to pro-
cess computationally. '

Sensory Thresholds

Gencerally speaking, the patterns that evoke aversive cllects are those for which
sensory thresholds sire low, In their classical work, Camipbell and Robson (1968)
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demonstrated that, at low contrast, gratings can most readily be seen when their
spatial frequency is close to 3 cycles/degree and when the bars of the grating
have an even width and spacing (50% duty cycle). The low sensory thresholds
suggest that, in some way, the physiological response to patterns with aversive
characteristics is greater than that to other patterns.

Further evidence for a large physiological response is obtained at high con-
trasts. At high contrasts, aversive patterns interfere with perception, masking
lower contrast stimuli;; Ruddock and co-workers (Barbur & Ruddock, 1980,
Holliday & Ruddock, 1983; Grounds, Holliday, & Ruddock, 1983) measured
thresholds for the QElcggipn of a small dim circular target moving across a
background modulated in space, in time, or in both. The background could be
made to resemble the patterns that have aversive properties, and when it was, the
moving target became more difficult to see. The background could also be made
to flicker, and when the brightness and frequency were such as would provoke
seizures in patients with photosensitive epilepsy, the target again became more
difficult 10 see. The threshold functions showed subtle spatiotemporal interac-
tions and had properties more complex than those implied by the limitations of
Fig. 20.1, nevertheless they were generally consistent with the notion that the
greater the physiological excitation induced by a visual stimulus, the greater its
interference with the perception of other stimuli.

Aggregate Response

Aversive patterns tend to be those that give rise to high amplitude electrical
responses from the brain (measured on the scalp as a visual evoked potential).
For example, Plant, Zimmem, and Durden (1983) measured the amplitude of
the evoked potential in response to (sinusoidal) gratings as a function of their
spatial frequency and contrast. The functions were in broad agreement with those
in Fig. 20.1.

As alrcady mentioned, stimuli that are aversive are those that evoke seizure
activity in patients with primary gencralized epilepsy, suggesting that they can
compromise cortical inhibitory processes. Recordings from single units and
staining techniques have revealed that the visual cortex is organized into columns
of cells responsive to bars and edges with similar orientation. A visual stimulus
such as a grating is likely to result in patches of localized excitation of pyramidal
neurons, those that respond to the grating orientation, Certain interneurons inhib-
it the firing of pyramidal neurons making them sclectively sensitive to particular
oricntations (Sillito, 1979). The operation of these interncurons may be compro-
mised if the local availability of inhibitory neurotransmitiers is depleted by a
strong localized excitation, This depletion may result in a spread of activation
that gives rise to illusions, In paticnts whose cortex is hyperexcitable, the activa-
lion may spread further, inducing seizures (Meldrum & Wilkins, 1984; Wilkins
ct ul., 1984), As already mentioned, aversive patterns are those that give rise to
seizures in patients with photosensitive epilepsy.
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Computational Vision

The brain's computational algorithms may analyze the visual scenc at diflerent
spatial scales, the smaller scales responsible for analysis of the fine detail, and
farger scales for the analysis of spatial position (Watt, 1988, 1991). Any re-
petitive image content may make it diflicult to analyze spatial position. Consider
the image of a piano keyboard. The white keys form a repetitive pattern. 1f only
the white keys are visible, it is difficult to identify the position of any onc
particular key, such as middle C: The spatial scales that resolve the individual
keys give an ambiguous output because one key is very much like another. The
black keys difler from the white keys in that they are grouped, and although they
have a repetitive structure, the structure differs at a variety of spatial scales. The
structure of the finer scales that resolve the individual keys differs from the
structure of the coarser scales that fail to resolve the keys but resolve instcad only
the gaps between the groups of two or three keys. In other words, the coarser
scales can provide unambiguous information as to the position of cach black key,
perhaps in a hierarchy as suggested by Watt (1991, p. 181).

Aversive patterns have repetitive spatial content at all spatial scales: There is
no grouping of the image that can facilitate the computation of position; this may
make for grealer computational complexity, and hence computational “over-
load.” :

CONTROL OF EYE MOVEMENTS

The notion of visual overload is undoubtedly simplistic, but it may have heuristic
value. It is attractive when one considers not only pattemn glare such as already
discussed, but the ocular motor control that reading demands. When the eycs
move from one point of regard to another they do so in a series of high velocity
jerks known as saccades. Findlay (1982) and Ottes, van Gisbergen, and Egger-
mont (1984) asked observers to make an eye movement to onc of two spots, both
of which could easily be seen in the periphery of vision. When the spots were
close together, the eyes landed at a point in space between the two spots, and
then made a subsequent small corrective movemeat toward the appropriatc tar-
get. It was difficult, if not impossible, for subjects to learn to move their eyes
directly to one of the targets, even though they could distinguish them in pe-
ripheral vision before they began the eye movement. It was as if the part of the
visual system controlling the first fast movement was unable to distinguish the
two spots, but used instead some more global representation, Text in which the
words coalesce to form stripes in the midrange spatial frequencies (e.g., the text
on the left in Fig. 20.3) should place greater computational demands on the
saccadic system, increasing the likelihood of overload, but sce O'Regan (in
press) for review.

!
TINTED GLASSES

Irlen Institute

Helen Irlen founded the Irlen Institute, which supplics tinted glasses for people
with a sensitivity to light that she called *scotopic sensitivity,” The term implics
an undue sensitivity of the rod receptors and there is, as yet, little scientific
evidence to justify its use. On the other hand, the clinical condition Irlen de-
scribed overlaps with photophobia and involves many symploms of visual dis-
comfort. Opticians have long prescribed tinted glasses for those with pho-
tophobia, although with little to support rhc practice.

Wilkins and Neary (1991) examined 20 voluntcers with a history of reading
difficulty selected by the Irlen Institute as having benefited from the use of their
tinted glasscs. Fourteen were from different familics. All had a history of reading
problems and only one wore refractive correction. Many had migraine in the
family. Nearly all had good acuity, contrgst sensitivity, and stereopsis (in other
words they were well able to sce small detail and faint contours, and they were
able use differences between the images in the two cyes to form a perception of
depth). Ten had poor muscle balance (whén the two eyes were not constrained to
look at the same object, the axes of the cyes did not remain dirccted at the same
point in space).

Vision with the tinted glasses was compared with vision using (a) dark (neu-
tral density) glasses having the same (photopic) transmission and (b} untinted
lenses that corrected any residual refractive error. In a few subjects acuity and
muscle balance were significantly improved when the tints were worn. For the
group as a whole there was a modest increase in the speed of visual search. The
subjects were asked to report the illusions they saw. in a pattern of stripes. Fewer
illusions were reported when the tinted glasses were womn, irrespective of
whether illusions of color were included. .

Some of the beneficial clects could have been due to changes in motivation,
although it is difficult to sce how muscle balance could be affected in this way,
given that subjects were unaware as to whal the test was measuring and how the
measurements were made,

This study, and other similar studies reviewed by Evans and Drasdo (1991),
have the disadvantage that subjects arc aware of the color of the lens placed in
front of their eyes before they look through it and adapt to its color. It is difficult
1o obtain a genuine placebo. An “intuitive colorimeter” was designed to over-
come some of these problems, and to provide a continuously variable source of
colored light. |

|

Intuitive Colorimeter

The colorimeter is a variant of the Burnham (1952) colorimeter. It enables hue
and saturation to be varied independently and continuously, keeping luminance

447
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constant. 1t thus allows a wide ranjge of color space to be explored thoroughly
and quickly (Wilkins, Nimmo-Smilh, & Jansons, 1992). For example, hue can
be varied, keeping saturation and brightness more or less constant. The color-
imeter has a wheel divided into three sectors, each sector transmitting light of a
different color. A collimated cylindrical beam of white light passes through the
wheel, and is colored as a result. The colored light is then mixed by multiple
reflection and illuminates a page of print. When the wheel is concentric with the
beam, the three sectors have equal proportion and; given the appropriate filters,
the mixed light is white. The wheel is free to translate so that the beam can pass
eccentrically through it. The filters then no longer have similar area, The mixture
becomes progressively more saturated as eccentricity increases, The wheel is
also free to rotate. This changes the hue. In terms of the CIE 1976 Uniform
Chromaticity Scale Diagram, rotating the wheel moves the coordinates of the
mixed light in a near-circular locus centered on white. Changing its eccentricity
moves the coordinates along radii from white.

A series of children has been examined using the apparatus, For most chil-
dren—but not all—there is a regiop of color space within which the perceptual
distortions of text reportedly abaté. When asked to vary the color until the
distortions disappear, some childrén produce a very consistent setting. There
appears to be a patch of color spacg within which the distortions disappear, but
the location of that patch varies froﬁl one observer to another. For children with
reading difticultics there is a lcndclfacy for the symptom-{ree area of color space
to be within the left-hand half of :the CIE 1976 Uniform Chromaticity Scale
Diagram (u' < 0.25). Some chil4rcn find no consistent area. They report a
reduction in distortions but for colors that vary over time,

Those observers who consistently report a benefit from certain colors usually
also find a region of color space in which the distortions become worse and text
may become painful. The signs of ‘discomfort arc obvious: Observers wince or
avert their gaze. The colors with w}rich this discomfort occurs are usually com-
plementary to those with which distortions abate. When adults with migraine are
asked to mix colors that make text kncomfortable they tend to choose shades of
red (Chronicle & Wilkins, 1991). Wheén using the colorimeter, these colors are
rarely chosen by children who hdve reading disorders and report perceptual
distortions. As already mentioned) many of thesc children have parents with
migraine. b :

Subjective Pracision Tinting ;

A set of tinted trial lenses has been developed using plastic (CR39 resin) lenses
dyed with progressively increasing deposition of each of seven chemically stable
dyes, avoiding compusite dyes whepe possible, ‘The dyes chosen have the follow-
ing appearance: rose, orange, yellow, green, turquoise, blue, and purple. They
have CIE 1976 hue angles about. 50 degrees apart. There are five levels of
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deposition of each dye. The levels range from a very light tint to a very strong
tint, the dye deposition doubling from one level to the next. The set of trial lenses
has two trial lenses at each level (one for each eye). Thirty-one (23 — Dlevels of
dye deposition can be obtained for each dye by superimposing the five trial
lenses. To obtain a given color of tint, trial lenses from two dyes with similar hue
angle are combined. To obtain orangey red, for example, orange and rose trial
lenses would be combined. A total of 961 (31 X 31) combinations of orange and
rosc are possible. Therg are 7 combinations of ncighboring colors: rose with
orange, orange with yellow, yellow with green, and so forth making 7 X 961 =
6,727 combinations of dyes with similar hue. Any desired color within a large
gamut can therefore be very closely approximated using only two dyes at atime.

Individuals usually report a reduction in discomfort and distortion when view-
ing a natural scene through the combination of lenses that matches the visible
appearance of the colorimeter setting. When the setting has a strong saturation,
however, lenses with the same hue angle but lower saturation are sometimes
preferred, perhaps because these interfere less with color constancy and leave
white surfaces remaining white in appearance.

In open trials, patients with reading disorders, eye strain, headaches, or
photosensitive ¢épilepsy have reported a reduction of symptoms when wearing
glasses tinted using the aforementioned techniques (Maclachlan, Yale, & Wilkins,
in press). Double-blind placebo-controlled clinical trials arc now under way.

Possible Mechanisms

There are many alternative explanations for any beneficial effects of tinted glass-
es and more than one mechanism may be involved.

Explanations can be divided into those that are peripheral and those thal are
central. The peripheral explanations might involve (a) chromatic aberration con-
tributing constructively or destructively to the control of accommodation; (b) the
role of rods in controlling pupil size at photopic luminance levels (Berman, Fein,
Jewelt, Saika, & Ashford, 1992), with secondary effects on accommodation and
vergence; or even (c) a contribution from fluorescence of intraocular structures.
Possible central mechanisms include (a) the reduction of pattern glare (Wilkins &
Neary, 1991) or (b) the restoration of optimal signal transmission over sclectively
impaired pathways. In the present context, the last two explanations merit further
consideration.

The signals from the cones are thought to be combined early in visual process-
ing so as to give a luminance signal (a combination of signals (rom the three conc
types) and two color difference signals, one red-green, and the other yellow-blue,
the latter obtained by an opposition of a signal from the short wavelength cones
with signuls from the other two types. Buchsbaum und Gottschalk (1983) showed
that these three signals are precisely what might be anticipated if the information
transmission were optimized. The signals from the cones are redundant (their
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spectral sensilivities overlap), and by summing the cone oulputs to give a lumi-
nance signal, and by subtracting their outputs to derive two color dilference
signals, inforniation can be trmnsmitted more efliciently,

Suppose that the visual pathways are impaired by discase in such a way as w0
change the relative information capacity of the channels carrying the luminance
and color difference signals, 1t follows from the mathematics outlined by
Buchsbaum and Gottschalk that the information transmission could be optimized
for the damaged system by changing the spectral composition of light captured
by the cones. In other words, there may be some colored Ig:ns that will affect the
signaling from the three cone types in such a way as to optimize the signal
transmission over the damaged pathways. The color would nced to be sulli-
ciently saturated to overcome the adaptation that would undoubtedly occur,

There is evidence that the visual pathways may indeed be affected. In children
with specific reading disability there exists a sclective deficit on psychophysical
tasks that measure transient system function, but not on those that measure the
sustained systen (see Lovegrove & Williams, chap. 14). The transient system is
thought to signal luminance rather than information about cofor differences. The
selective deficits, therefore, suggest an imbalance of function between
achromatic and chromatic channels, although it would be inappropriate to equate
the achromatic channel of Buchsbaum and Gottschalk with magnocellular path-
ways and transient system function (see Breitmeyer, chap. 5).

People with migraine show deficits in contrast sensitivity that are greater the
longer the duration of the disease (Khalil, 1991). These deficits suggc.st t!\al
repeated attacks of migraine may damage the visual system. Since migraine
afects the circulation of blood in the brain, the visual deficits may result from a
transient insufficiency of blood supply. This might be expected to have a greater
effect on cells with a high metabolic turnover. There are blob-like regions of

" layers 2 and 3 of the primary visual costex of monkeys that are labeled preferen-

tially with radioactive 2-deoxyglucose because of their heightened metabolic
activity (Horton & Hubel, 19813 Humphrey & Hendrickson, 1983). These blobs
are also revealed by cytochrome oxidase staining. They reccive inputs from both
magnocellular and parvocellular pathways. Within the blobs the cells show poor
orientation tuning but a color opponency (Livingstone & Hubel, 1988). The
surrounding inter-blob cells show no color opponency. The blob cells project to
striped areas of V2 that are also concerned with the processing of color. Inter-
ference with the activity of cells in the blobs and stripes might be expected lo

affect the processing of color, given that cells in the blobs are color-opponent,

whereas those in the surrounding tissue are not. Perhaps this is one mechanism
for the selective color preferences shown by people with migraine (Chronicle &
Wwilkins, 1991).

An impairment of channel function may place a greater compulati.onal. burden
on the signal processing capabilities of the visual cortex, conlribullqg in some
quite nonspecific way to a processing overload similar to that described in the
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previous scction. This may give risc to symptoms of visual discomfort by a
breakdown of intracortical inhibitory mechanisms similar to thosc already hy-
pothesized for the visuad induction of migrine hendache by Wilkins et al (1984),
Interpretations of this kind are admittedly highly speculative and far from com-
plete, but they may in time provide an explanation for the reduction of perceptual
distortions und associated visual discomfort that is sometimes reportedly brought
about by the wearing of tinted glasses. f

If children find text aversive, and their visual orientation is compromised by
anomalous visual cflects, then the process of learning to read may be made yet
more difficult. Any relationship between visual discomfort and visual dyslexia
may not, however, be causal but due to shared brain mechanisms. The argument
for a causal link is weakened by the fact that the text used in early readers difers
from adult text in having large letters and fow words, often on a single line. 1t is
therefore less likely to give rise to anomalous visual cfects and to discomfon.
Anccdotally, however, the visual problems experienced by dyslexic children
often arise as they progress to adult lcxl% And sometimes even children's text is
far from ideal. The text may be printed in a bold typeface, and the letters and
words closely spaced. The appropriate grouping of the image then becomes
dificult, particutarly for an abserver unfamiliar with letter shapes. Children with
dyslexia can be more susceptible than ofhers to the effects of crowding (Atkin-
son, 1991), Willows (1974) showed that poor readers read single-spaced text
more slowly and less accurately than dguble-spaced, regardless of content. No
such differences emerged for good readers.

f

TEMPORAL FACTORS

So far, we have considercd only the spatial characteristics of text, although the
visual stimulus it provides can vary in both space and time. The page is often’
illuminated by fluorescent light, or presented on the surface of a visual display
terminal and under these conditions the luminance is varying continuously. Fluo-
rescent light is gencrated by a gas discharge that occurs twice with each cycle of
the AC electricity supply. On a visual display terminal the text is lit once each
time the cathode ray refreshes the screen. The resulting pulsations of light arc
usually too rapid to be scen as flicker but they affect the visual system neverthe-
less. As reviewed by Kennedy (chap. 10), Eysel and Burandt (1984) recorded
from the lateral geniculatc nucleus of the cat and showed that under fluorescent
lighting the cells fired more strongly than under daylight or incandescent light,
and they fired at a cenain interval aflcf cach light pulsation. Berman, Green-
house, Bailey, Clear, and Raasch (1991) recorded clectrical signals from the
human retina (electroretinogram) in response to the pulsation from fluorescent
lighting and Wilkins (1986) and Neary and Wilkins (1989) demonstrated small
effects of the pulsation on the control of jsaccades across text and other pattems.
!



452 WILKINS

Wilkins, Nimmo-Smith, Slater, and Bedocs (1989) monitored the incidence of
eye strain and headaches in office workers when the rooms were lit with conven-
tional fluorescent lighting or with a new type, outwardly identical, from which
the pulsations were electronically removed (i.e., lighting with electronic high
frequency ballast). The incidence of eye strain and headache was halved under
the new lighting,

The pulsation from fluorescent lighting depends-on a coating of phosphor on
the inner surface of the lamp. The phosphor fluoresces, converting the ultraviolet
energy from the gas discharge into visible light. The most common (and cheap-
est) lamps use a halophosphate coating. This fluoresces at the long wavelength
(red) end of the visible spectrum and exhibits phosphorescence, holding much of
the long wavelength light from one discharge to the next (Wilkins & Clark,
1990). This means that most of the light pulsation is at the short wavelength end
of the spectrum. Spectacles that reduce short wavelength light (e.g., amber,
yellow, or rose tints) can therefore reduce the overall pulsation from fluorescent
lighting. Wilkins and Wilkinson (1991) designed an ophthalmic tint (now com-
mercially available) that reduces the pulsation of light from halophosphate
lamps. In a double-blind study it has been shown to reduce migraine in children
(Good, Tuylor, & Mortimer, 1991). Peaple with migraine often complain of
Muorescent lighting: They can show a high amplitude steady-state evoked poten-
tial in response to intermittent light (Golla & Winter, 1959; Lehtonen, 1974;
Jonkman & Lelieveld, 1981; Marsters, Good, & Mortimer, 1988), particularly at
high frequencies (Brundrett, 1974), ,

On a visual display terminal with a cathode ray tube the screen is usually
scanned by a spot of light that zig-zags down the screen varying in brightness so
as to create the image. The phosphor on the screen usually loses most of its light
from one scan to the next, so the picture is lit only very briefly, though at high
frequency. When the eyes make a saccade, for example, from the left of the
screen to the right, the eyes move extremely rapidly so that the image appears on
the screen only once or maybe twice during the flight of the eye. The top part of
the image is drawn carlier and therefore to the left of the image relative to the
bottom of the screen. The visual image painted during the flight of the eye is
therefore brief and distorted and can sometimes evade the saccadic suppression
that normally makes it difficult to see the retinal image created whilst the eye is in
flight. The intra-saccadic stimulation appears as a momentary image that can
interfere with the perceptual stability of the visual world as the eyes come to rest.
The small corrective saccades that normually follow the larger saccades are in-
creased in number, perhaps os a result (Neary & Wilkins, 1989). As reviewed
elsewhere in this volume, Kennedy and Murray (1991) showed that for typists
(who read with attention to orthography and who complain of visual discomfort)
there is a two-fuld increase in the number of corrective saceades during reading
when the display is lit intermittently, even when it is lit 100 times per second,
The increase occurs with displays that scan in u raster and also with thoseé that
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have no directional component to the flicker (Kennedy, personal communica-
tion).

IMPROVING TEXT
WITHOUT INCREASING COSTS

In the first three sections it has been shown that the pattern from text can provoke
illusions, headaches, eye strain, and even seizures in those who are susceptible.
The pattern can be reduced by covering the lines with a reading mask, but
according to the theory outlined by Wilkins et al, (1984), the mask should not be
necessary: [t should be possible to reduce the effects of the pattern in other ways.
One obvious way is to increase the spacing between the lines. As can be seen
from Fig, 20,1, this has two effects: It increases the duty cycle and decreases the
spatial frequency of the “grating.” Both changes are in a direction appropriate
for a reduction in the adverse effects of the pattern. The clarity of text has long
been known to depend on the spacing of the lines (see, for example, Tinker,
1963), and this might be one reason why.

Increasing the spacing of the lines is likely to increase the costs of printing,
because these costs depend partly on the amount of paper used. Can line spacing
be increased without increasing costs? »

The amount of paper used depends in part on the average area of paper
occupied by a character. The average area is the product of the separation of the
lines und the mean horizontal distance from one character to the next. Wilkins
and Nimmo-Smith (1987) asked volunteers to select books from their own librar-
ics that had “clear” or “less clear” print, They showed that subjects’ judgments
of clarity were strongly associated with the spacing between the lines, but not so
strongly associated with the area of paper used per character. Interline spacing
accounted for 33.7% and 37.7% of the variance associated with judgments of
clarity in the two studies. The average area occupied by a letter explained 6.6%
and 30.3% respectively. In other words there were books with text judged as
“clear” that cost no more to print than books with text judged as “less clear.”
Evidently printing convention does not specify the gpatial characteristics of text
appropriately for the maximization of clarity at a given coslt,

It should therefore be possible to improve the clarity of text without making it
more expensive. One way of doing so might be to increase the spacing between
lines while reducing the average spacing between characters. Both these changes
would only necd to be extremely slight, and both the line spacing and character
spacing could remain within the limits set by conventional 1ypographic practice.
It would be important to ensure that the decrease in the average horizontal
spacing between characters occurred within words, and maintained an appropri-
ate relutionship between horizontal word spacing and vertical line spacing,




CONCLUSION

The theory of visual discomfort outlined here explains why small changes in_ |.hc
layout of the words on a page can have large effects on the clf\rily of'u:x(. Ihe
theory provides some guidance as to how the clarity of text might bc' unqrovcd
without making it more expensive, The theory provides an explanation for the
visual discomfort with which the use of cathode ray tube displays has been
associated. It links the anomalous visual effects reported in text by some children
with visual dyslexia to those reported in response to more stressful stimuli by
normal observers (particularly those with migraine). The theory suggesgs pos-
sible physiological mechanisms in common. It also suggests ways in Wth'h the
visual stimulation can be altered so as to make the anomalous effects less likely.
Finally, the theory provides one explanation (among many) for the beneficial
effects of tinted glasses. _

According to the theory, we need to think of the visual problems in.volvcd in
reading as arising from a combination of factors, including those rclal.mg to the
spatial and temporal characteristics of the stimulus, and those relating to .lhc
reader's difficulties with visual processing. The former we can do something
about, for the benefit not only of those with reading difficulties, but of a broad
cross-section of the population as well. The latter may ultimately be traccable to
brain mechanisms in posterior areas that sustain the links between visual and
linguistic information. It may be these mechanisms that are jointly responsible
for anomalous visual effects and language difficulties.
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