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Intermittent Illumination from Visual Display
Units and Fluorescent Lighting Affects
Movements of the Eyes across Text

ARNOLD WILKINS,! MRC Applied Psychology Unit, Cambridge, England

The size of eye movements across text was measured under conditions in which the text was
illuminated by fluorescent light or was displayed on the screen of a cathode-ray tube. Under
these conditions of intermittent illumination the high-velocity saccadic eye movements were
enlarged. The extent to which they were enlarged depended on the frequency of intermittency,
but was generally equivalent to the width of one letter. This disturbance of ocular motor
control by intermittent illumination might help to explain why reading is generally slower on
computer display terminals than with printed text.

INTRODUCTION

It has been widely reported (e.g., Wright
and Lickorish, 1983) that text is more diffi-
cult to read when displayed on the surface of
computer visual display units than when
printed conventionally on paper. Computers
typically use a cathode-ray tube to display

text, and the text is illuminated intermit-

tently at frequencies in the range 50 to 100
Hz. The following experiments suggest that
eye movements across text are affected when
the text is intermittently illuminated at these
frequencies. : : . ,

In two experiments volunteers were asked

to look at text, fixing their gaze alternately

on one specified letter and then on another.
In the first experiment a paragraph of text
was displayed on the surface of cathode-ray
tubes with different refresh rates. In the
second (concurrent) experiment, the page of a

I Réquests for reprints should be sent to Arnold Wilkins,
MRC Applied Psychology Unit, 15 Chaucer Road, Cam-
bridge, CB2 2EF, England..

book was illuminated by two types of fluores-
cent lighting, one intermittent and the other
continuous. In both experiments, saccadic
eye movements were enlarged to an extent
that depended on the frequency of intermit-
tency.

- EXPERIMENT 1
Subjects

Fourteen women on the subject panel of the
Applied Psychology Unit, aged between 20
and 35 years, were paid £2.00 per hour for
participating. One subject with strabismus
and one with a refractive error of —6
diopters ‘were.not included, but the subjects
were otherwise unselected. All of the subjects
had an acuity of 6/9 or better, measured (with
correction in 3 cases) using a reduced Snellen
chart at a viewing distance of 0.4 m. Stereo-
acuity, as measured on the Titmus test, was
better than 40 seconds of arc in all subjects
but one, who showed evidence of suppression
in the right eye.
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Apparatus and Stimulus Material

Two Mullard C62 monitors using cathode-
ray tubes (CRTs) with white P4 phosphors
(having a persistence such that the relative
luminance was less than 2% in 10 ms) were
driven by a Quantum Data 801A video gener-
ator so as to produce a field comprising
blurred lines of uniform brightness. One CRT
had a frame frequency of 50 Hz and the other
100 Hz. The surface of each tube was covered
by an opaque matte black mask in the center
of which was a rectangular aperture mea-
suring 0.16 m wide and 0.1 m high. Between
the aperture and the screen was mounted a
photographic negative of a paragraph of text,
typewritten in IBM Letter Gothic (a sans serif
typeface). The 22 lines of text were spaced 54
min arc apart. Near the center of the block
of text two letters were identified as targets:
the ¢ and the second e in ““. .. article on
Drente. ..." At the viewing distance of 0.5 m,
these letters were 12 min arc high, 9 wide,
and 132 min arc apart.

Light from the phosphor passed through
the clear sections of the negative so as to pro-
duce a display of white text on an unlit back-
ground. Both displays were viewed in a dark-
ened room and had a space- and time-aver-
aged luminance of about 10 cd/m? (measured
with an S.E.I. spot photometer). Moiré effects
produced by parallax between the contours
of the letters and the raster lines beneath
were observable during movements of the
head, but such movements were not possible
during the recordings. The disposition of
light over the component strokes of the
letters depended on the viewing position,
which changed from one recording to the
next sufficiently to provide only random vari-
ation.

Horizontal eye movements were recorded
binocularly with a resolution of about 5 min
arc using infrared scleral reflection (A.C.S.
Applied Research Developments Ltd.). The
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data were acquired using a 12-bit ADC (Ana-
logic MP6912) triggered by a 100-Hz strobe
phase-locked to the AC supply, and they were
subsequently analyzed using an IBM Per-
sonal Computer.

Procedure

Subjects bit on a horizontal wooden bar to
prevent movements of the head. They wore
spectacle frames bearing, on the outside, any
lenses necessary to comprise their prescrip-
tion for reading and, on the inside, the in-
frared emitters and sensors necessary for
measurement.

Subjects were instructed to keep their eyes
on one of the letter targets until they heard a
tone, when they were to move their eyes and
look at the other target. No further instruc-
tions were given, other than to refrain from
blinking and to avoid anticipating the tone.
Subjects were not requested to look at any
particular part of the target letters.

Trials began with fixation of the left target
and comprised four changes of fixation in re-
sponse to 4 100-ms tones, 4 s apart. Two
trials on each display were presented in
ABBA order, with a random assignation of a
display to the A position. At the end of the
session subjects were asked to select which of
the displays they would choose to read from,
guessing if necessary.

Data Analysis

Blinks and attempted blinks produced rec-
ognizable artifacts, and all such artifacts
were removed by inspection of the records
prior to analysis. The records in which sub-
jects moved their eyes in anticipation of the
signal were rejected, as were the few techni-
cally imperfect records. Otherwise, all data
contributed to the calibration and subse-
quent analysis of the recordings, which was
carried out automatically by computer. It
was assumed that 1.5 s after the tone had
sounded, the eye was fixating the new target,
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and that fixation was maintained for the sub-
sequent 2.5 s until the next tone. Inspection
of the records suggested that such assump-
tions were amply justified. The measured po-
sitions of each eye during fixation of the left
target were averaged separately, and the dif-
ferences between these averages and those
for the right target were taken as equivalent
to the angular separation of the targets. All
recorded movements were scaled accord-
ingly. The calibration obtained under the
various conditions of illumination was not
compared because the illumination could not
be changed from one condition to the other
quickly enough to be sure that the head posi-
tion had been maintained on the bar. As it
transpired, the stability of fixation under the
various conditions was closely comparable.
The saccades were recognized on the basis
that the peak velocity of the movement ex-
ceeded 8.3 deg/s. The size of the saccade was
determined from the difference between the
mean of four samples in the period 100 to 50
ms before and the mean of four samples 50 to
100 ms after the point of maximum slope,
and only saccades exceeding 10 min of arc in
size were accepted. On the basis of the main
sequence (Zuber, Stark, and Cook, 1965)
nearly all saccades of such an amplitude
should have had a peak velocity greater than
8.3 deg/s. The measure of size was based on
the final settling point of the eye, and was
thus unaffected by brief, transient saccade
overshoots. On the rare occasions that two
saccades were separated by less than 100 ms,
‘the algorithm recognized only the first. For
“each of the four fixation periods per trial, the
standard deviations of eye position were
averaged to provide a measure of fixation sta-
bility. ‘
Results

The average size of the “main” saccade fol-
lowing the signal tone was 11% larger for the
50-Hz display than for the 100-Hz display
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(see Table 1a). The main saccade was defined
as the largest saccade occurring in an obser-
vation period of one second that began with
and included the first saccade after the signal
tone. The main saccade was also the first sac-
cade in 89% of the cases. An analysis of vari-
ance based on the mean size for the two eyes
of the four successive saccades per trial, with
frame frequency and order of presentation as
factors, yielded a significant effect of frame
frequency, F(1,13) = 5.78, p = 0.03; 14.2%
variance explained. The increase in size
under the 50-Hz condition approximated the
width of one letter of text.

The number of saccades occurring in the
observation period was greater for the 50-Hz
display, 2.54, than for the 100-Hz display,
2.26; F(1,13) = 7.51, p = 0.02; 15.2% vari-
ance explained. The sum (without respect to
sign) of the sizes of all saccades in the 1-s ob-
servation period provided a measure of total
saccadic excursion: 193 min arc for the 50-Hz
display and 170 min arc for the 100-Hz dis-
play, F(1,13) = 8.92, p = 0.01; 18.1% wvari-
ance explained. In none of the above analyses
were there significant effects of practice or
interaction terms. The measure of fixation
stability averaged 10.0 min arc for the 100-

TABLE 1

Mean Size and Standard Deviation of Main Sac-
cades (min arc)

A. EXPERIMENT 1

Refresh Rate Mean S.D.
-.50 Hz 154 .38
100 Hz 139 36
B. EXPERIMENT 2
Target Spacing
Lighting Ciose Wide
Frequency Mean S.D. Mean S.D.
100 Hz 102 53 261 49
20 kHz 97 36 253 51
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Hz conditions and 11.7 for the 50-Hz condi-
tion. The difference was not significant.

The standard deviation of the difference in
the position of the left and right eyes (a mea-

" sure of vergence) for the period 50 to 550 ms
following the main saccade was slightly
larger under conditions of 50-Hz illumina-
tion (1.8 min arc) as compared with 100-Hz
illumination (1.2 min arc), although the dif-
ference was not significant.

Eleven of the 14 subjects preferred the 100-
Hz display without being able to give consis-
tent reasons; only two preferred the 50-Hz
display, and one refused to make any judg-
ment.

EXPERIMENT 2

A page of conventionally printed text was
illuminated by a fluorescent tube. Under one
condition the tube was driven by conven-
tional circuitry so that it provided intermit-
tent illumination at a frequency of 100 Hz.
Under a second condition, the same tube was
driven by solid-state circuitry at a frequency
of 20 kHz, and at such a frequency the light
output of the tube was effectively continuous.
As in Experiment 1, the subjects’ task was to
fixate one of two target letters, but in this ex-
periment two pairs of targets were used, one
pair closely spaced and the other more
widely separated. The task was performed
under two levels of illumination, one twice
the other.

Subjects

Twelve of the 14 subjects who participated
in Experiment 1 took part, together with an
additional three women of similar age and
with similar visual acuity.

Apparatus and Stimulus Material

A ceiling-mounted fluorescent tube (40-
Watt GEC warm white) was positioned so
that it was not visible within the periphery of
the subject’s visual field. Ten centimeters of
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each end of the tube were permanently
masked so as to eliminate low-frequency
light from Crooke’s dark space. The power of
the light output for frequency components
above and below 100 Hz was more than 35
dB lower than the power at 100 Hz, with the
exception of a component at 200 Hz, which
was 16 dB down. The modulation depth was
36% of peak light output. The measurements
of the frequency components and modulation
depth were made using an optically filtered
“eye response’’ photodiode and were, there-
fore, a weighted average of the contribution
from different spectral components. The
(time-averaged) chromaticity coordinates
were virtually independent of the frequency
of illumination: 0.4327, 0.4113 with conven-
tional circuitry, and 0.4378, 0.4124 with
high-frequency circuitry. The central 1 m of
the tube was partially covered with a remov-
able mask so as to provide two levels of illu-
mination, one twice the other.

Two pairs of letter targets were used, one
pair 94 and the other 257 min arc apart. The
closely spaced target letters were the first e
and the ¢ in “. .. interval scale ...” and the
widely spaced targets the first ¢-and the
second s in ‘... applicability of the statis-
tical. . . ."” The word sequences were near the
center of a page of text (Siegel, 1956, p. 31),
and all of the page was visible. The text mea-
sured 170 mm high and 108 mm wide. The
lettering had an x height of 1.5 mm, and the
39 lines were spaced 3.6 mm apart. At the
viewing distance of 0.4 m, the target letters
were -12.8 min arc high, although the width
varied from one character to. the next. The
text had a space- and time-averaged lumi-
nance of 16 or 8 cd/m?, depending on{,vcondi-
tion (measured with an S.E.I. spot pho-
tometer).

Procedure

The various conditions of target separa-
tion, illumination level, and illumination fre-
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quency were administered according to a hi-
erarchical ABBA design (illumination fre-
quency nested within illumination level, and
illumination level within target separation),
so that frequency was the variable most often
changed, and the target separation least
often changed. In this way, practice had the
least effect on the comparison of the fre-
quency of illumination, and the subjects ex-
perienced each pair of letters in a block,
which enabled them to become completely
familiar with the targets and their location.

The remaining aspects of data acquisition
and analysis were the same as for Experi-
ment 1.

Results

There were no significant effects of practice
or of the level of illumination. As can be seen
from Table 1b, the size of the main saccade
under conditions of intermittent 100-Hz illu-
mination was slightly larger than under
steady illumination, although the effect of
frequency was significant only for the widely
spaced targets, F(1,14) = 7.17,p = 0.02; 4.8%
variance explained. Analysis of variance was
based on the mean saccade size for the two
eyes on the four successive saccades in each
trial. The increase in saccade size under con-
ditions of intermittent illumination approxi-
mated the width of one letter. The increase
for the closely spaced targets was not signifi-
cant, presumably because the variance in cal-
ibration contributed to a larger proportion of
the variance in saccade size. The number of
saccades during the observation period did
not differ significantly as a function of iliumi-
nation frequency. The measure of fixation
stability averaged 9 min arc for the 20-kHz
condition and 9.8 min arc for the 100 Hz. The
difference was not significant.

DISCUSSION

The results of the two experiments comple-
ment one another in demonstrating that in-
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termittent light affects ocular motor control
at frequencies and modulation depths at
which the light appears continuous, regard-
less of the style or contrast of the text or the
illumination of the periphery of the visual
field. The effects of intermittency explained
only a small proportion of the experimental
variance, although the latter included vari-
ance due to measurement as well as physio-
logical factors. Inspection of the distribution
of saccade size suggested that the increase in
size was not due simply to an increase in the
number of relatively large saccades. Under
conditions of steady illumination, saccades
to the widely spaced targets tended to under-
shoot the target, whereas the smaller sac-
cades to the closely spaced targets did not, a
common finding (e.g., Carpenter, 1977, p. 57).
There appeared to be large individual differ-
ences between subjects as regards the effects
of intermittency, but these differences re-
quire further study.

Given the number of saccades made during
reading and the possibility that corrective
saccades may also be enlarged, the effects of
intermittent illumination may be sufficient
to explain the widely reported finding that
reading is slower on visual display units than
on conventional printed text (e.g., Wright
and Lickorish, 1983). If so, it may be advis-
able to increase the availability of display
units with long-persistence phosphors. The
eye movements observed using the present
procedure were similar in size to those
during reading, but they inevitably differed
in many other respects. For example, during
reading, the programming of a saccade is de-
termined by cognitive factors at least as
much as by visual ones. The present proce-
dure kept cognitive processing to a minimum
so that the visual requirements might be
better measured.

The disruption of ocular motor control
may be connected with the complaints of vi-
sual discomfort with which visual display
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terminals and fluorescent lighting have been
associated, particularly in view of the fact
that these complaints are related to the depth
of modulation of the light output (Laubli,
Hinting, and Grandjean, 1980). In Experi-
ment 1, the majority of subjects preferred the
high-frequency display without being able to
give consistent reasons why they did so.

The records were calibrated on the as-
sumption that the eyes fixated their target in
such a way that there was no consistent posi-
tion bias as a function of illumination fre-
quency. This assumption can be justified on
the basis that (1) no consistent drift during
fixation was evident from inspection of the
recordings, and (2) the standard deviation of
eye position was not significantly affected by
the illumination frequency. The eyes moved
from left to right as often as from right to left,
so any artifactual contamination of the eye
movement signal should have produced sym-
metrical effects that may have contributed to
the variance but should not have produced a
difference in the mean saccade size. When the
size increase was large there was an increase
in the number of saccades during the obser-
vation period, suggesting that as a result of
the dysmetric saccades the subjects found it
necessary to correct fixation.

West and Boyce (1968) investigated the
distribution of the size of microsaccades oc-
curring during fixation under conditions of
steady and intermittent light. At frequencies
of intermittency above those at which flicker
was perceived, the distribution of saccade
size was not identical to that for steady light,
although West and Boyce do not comment on

the statistical significance of the difference.

apparent from their graphs. - - g
Saccades are sometimes held to be bal-
listic, or at least preprogrammed, and not
subject to feedback control (e.g., Carpenter,
1977). If the present data are interpreted on
the basis of current theory it is necessary to
assume that high-frequency intermittent illu-
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mination had its effect more than 80 ms prior
to the flight of the eye (Findlay and Harris,
1984). .

Brindley (1962) showed that the beat be-
tween visual and electrical stimulation of the
retina could be perceived when the frequency
of stimulation was as high as 120 Hz and
above that at which either form of stimula-
tion would on its own produce a sensation of
flicker. Evidently, high-frequency intermit-
tent light is resolved by the human visual
system (at least at the level of the retina), and
it may give rise to uncharacteristic phase-
locked excitation in the lateral geniculate nu-
cleus similar to that observed in the cat by
Eysel and Burandt (1984). As Eysel and
Burandt point out, all subcortical structures
receiving inputs from lateral geniculate
neurons via short neural chains should re-
ceive phase-locked inputs. Such structures
would include the superior colliculus, which
is involved in the control of €ye movements.

Perhaps there is another level of explana-
tion. When the eye moves from one point of
regard to another, the retinal input is
“smeared” during the movement. If a display
is intermittently illuminated with repeated
brief flashes, clear images of the display will
occur at different retinal positions while the
eye is in motion, and in general the “smear”
will be reduced. There. are circumstances
under which the smear can be used to pro-
vide information as to the magnitude of eye
movement (Festinger and Holtzman, 1978). It
remains a possibility that the brain controls
€ye movement using visual information ac-
quired -both before and during the flight of
the eye (Hallett and Lightstone, 1973, as dis-
cussed by Howard, 1982, p. 319).
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