Visual Acuity, Lexical Structure, and
Eye Movements in Word Recognition

J. Kevin O’Regan®

1 Why study visual word perception?

A large amount of work has been done in experimental psychology on the
perception of printed words. The interest in this topic stems not only from
~1ts importance for understanding reading, but also from the fact that word
recognition is a miniature universe which has essential links to visual per-
ception as a whole, yet which is simpler and more tractable. Thus, word
“perception involves only two dimensions and not three: movement is irrele-
vant, as are {generally) colour and texture. Compared to the situation for
3D objects, it is much eagier to define the visual ‘atoms’ which underlie word
-perception (letters, syllables, morphemmes) and the rules that determine how
“these atoms can be combined to form legal words. Yet word perception.
. retains an essential aspect which is present in object recognition, namely
_the interaction of sensory information with knowledge about the world (in
.the case of words, knowledge about words that mﬁm& Understanding how
sensory information and knowledge combine to give recognition is one of the
entral problems in both human and machine @maomﬁﬂos.

. There is another important aspect of visual perception which is pre-
erved in word recognition, namely the motor aspect: visual perception is
an. active pracess, involving exploratory eye movements. Word perception
s -a convenient place to investipate how this process is controlled and how
1t contributes to perception.

The present chapter will consider work we! have done on these aspects of
ord perception. Three issues will be covered: the role of lexical constraints
n word recognition; the role of acuity; and the role of eye movements.
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level? Which connections are excitatory, which inhibitory? How are
their strengths determined?

2 Lexical constraints

Current models of word recognition ~These questions determine how the feature/letter/word units interact or

- compete to reach a decision when there are ambiguities or uncertainties.
What information is sent up to each successive level: are there really thresh-
olds, and how are they determined? What level of this hierarchy is subjec-
tively ‘seen’ by the reader: only the top levels, or all levels at once?

Despite such vagaries, various authors rmﬁ attempted to approach some
of the above questions using experimental methods. A surprising degree of
-success has been achieved by authors who have worked on the higher levels,
ignoring the feature extraction process and what precedes it {for a review of
such studies, see Carr, 1986). One classic paradigm that has been used is the
“"*word superiority m@dnﬁ perfected by Reicher (1969) and extensively studied
since, in which it is shown that in conditions of brief, masked presentation,
a word can be more easily seen than each of its comstituent letters. This
phenomenon is explained naturally by the present model, since owing to
the fact that only some letter combinations form real iowmm even under
conditions of poor visibility, there may still be enough information to select
the correct word. A second much-studied phenomenon is the word frequency
effect, in which words which occur more frequently in the langnage are found
/10 be recognized more easily than rarer words. Though there iz debate
about whether this effect actually has its locus within the present framework,
or whether it should be considered a phenomenon taking place até some
later decision level, many warkers account for it by building thresholds of
activation into the word units in such a way that frequent words are more
easily activated than rare words. Detailed study of the word superiority and
word frequency effects has enabled researchers to make precise suggestions
about the ‘writing” of the higher levels of the word- -processing ‘network’
(McClelland and Rumelhart, 1981). In the following T will discuss a new
effect which also looks promising.

Consider a currently fashionable framework for word recognition, compat-
ible with the work of, for example, Morton (1969}, Bouwhuis and Boums.
(1979), McClelland and Rumelhart (1981), or Paap, Newsome, McDoenald -
and Schvaneveldt (1982). A word falls on the retina. At each letter position,
probably after some kind of low level image filtering, features are recognized
by feature ‘units’. Those units that have been activated excite letter units,
which in turn excite word units. The units involved are usnally congidered
to be Perceptron-like threshold devices (cf. Rosenblatt, 1962; Seliridge and .
Neisser, 1960), which gave an cutput when a weighted sum of their inputs-
exceeds the threshold. :
Though many people would agree with this general plan, the precise’
nature of each stage i3 very uncertain. What is the low-level processing:
exactly? What degree of invariance tc translation, size, rotation, colour,
brightness does it provide? What are the features (and/or letters): are’
they hooked to precise retinal locations or not? Can global contours be
features? Can the absence of an element be a feature? Is there a hierarchy'-
in the feature extraction process? Are the same battery of features (and/or.
letters) used for all typographies, or are they turned in and out as a functio
of the typography? Are the features (and/or letters) size/rotation invariant
Is there really a letter stage, or can features feed directly into word units? -
There are also some guestions concerning the whole organization of thi

model of word recognition.

i. It does not seem very parsimocuious to suppose that the same battery
of feature and lester detectors must be repeated several times over the
central part of the retina. Could not there be some kind of interna
scanning mechanism that aliowed the same detectors to be used wﬂ_ a
serial fashion over each retinal location?

2. Is it correct to suppose that letters are coded individually and the Oiwpnmwm@?? reighbourhood effects

assembled into words, or are there detectors for groups of letters, con
sidered as units (for example the following have been proposed: -bi
grams, trigrams, vocalic centre groups, syllables, morphemes)? >H
there units that code phonemic structure?

In the word-recognition framework presented above, there is an interesting
consequence of the idea that the units for frequent words should have lower
thresholds. Consider the French word ‘SOIN’. When it is presented to a
wmm&mﬁ it is not the only word unit to receive acéivation. Some activation
15 received by other words like ‘SOIR’, ‘LOIN’, ‘FOIN’, ‘SOIT’, and ‘30187,
ai:or share in the same positions in mrm word &Hmm out.of four ow the _mﬂumwm

3. Exactly how are the units connected: are there connections withi
a given level, or only between levels? Can conmections cross over;
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of ‘SOIN’. Activation is also received by words sharing only two or one letter

with ‘SOIN’, but presumably this is much weaker. Following McClelland and

Rumelhart (1981}, we call the words sharing three out of four letters with
‘SOIN’: ‘orthographic neighbours’ of ‘SOIN’ (this definition of orthographic
neighbour will serve as a simple first approximation, but it should ultimately
be improved by taking account of, for example, visual similarity of letters,
letter frequency of the letters that are changed, as well as possibly changes

in letter position, etc.). Now suppose that one or more of these words has a

higher frequency of occurrence in French than the word ‘SOIN’ itself. This
is the case for ‘SOIR’, ‘LOIN’, ‘SOIT’, for example. Then, depending on the
‘wiring’ postulated In the network, these words should compete with ‘SOIN’
and make 1t hard or impossible to see!

We tested this hypothesis in two experiments {Grainger, O’Regan, Ja-

cobs and Sequi, submitted). We searched the Freunch dictionary for words
with certain kinds of orthographic neighbours. Oune kind of word had no or-

thographic neighbours (Henderson, 1982, has called these ‘hermit’ words).

An example in French is ‘BREF’. A second kind of word had several neigh-
bours, but all of lower frequency (example: ‘JUPE’; lower frequency neigh-

bours: JUGE’, JUTE’, ‘DUPE’}). A third type had a single neighbour of -
higher frequency (example: ‘CHAR’; higher frequency neighbour: ‘CHAT’),

and a fourth type had several nmeighbours of higher frequency (example:
‘SOIN’; higher frequency neighbours: ‘SOIR’, ‘LOIN’, ‘SOIT’}. We had 10
words in each category, all words being of length four letters. We were

interested in the time it took to recognize the words as a function of the
different neighbourhood categories. In order to prevent other factors from

producing spurious time differences, we carefully matched the test words
for frequency (mean 30, range 5-80 per million), and experiential familiarity
(mean 4.2, range 3.2-5.8 on a survey using a subjective T-point scale). We

also attempted to match them for positional bigram frequency, but this was
not possible for the last category (for word types ‘BREF’, JUPE’, ‘CHAR’, -
‘SOIN’, bigram frequencies were 7.0, 7.0, 6.3 and 16.3 respectively over the ..

800 words of the four-letter French corpus). We did two experiments, one
in which the words were mixed with nonwords, and the task was to make a
word/nonword judgment as each word appeared on the screen. In the other
experiment each word appeared on the screen accompanied by a second
word which either had or did not have a semantic relation to the test word.

The subject read the first word, and moved his eye to the second word to
make the semantic decision. Using eye movement recording, we measured
the total time the eye spent on the test word before moving on to the second
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word, This ‘gaze duration’ on the test word was taken as a measure of the
recognition time for the test word.

Tigure 1 shows the results for the different types of neighbourhood. Both
the word/non-word decision times and the gaze durations show a similar pat-
tern. Words like ‘BREF’ with no orthographic neighbours are fasteat, and
comparable te words like ‘JUPE’ with several lower-frequency neighbours.
But words with one (e.g. ‘CHAR’) or more (e.g. ‘SOIN’) higher-frequency
neighbour are more difficult to recognize (shaded bars}. These results were
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Higure 1: Resulis of the orthographic neighbourhood experiment
{Grainger, O’Regan, Jacobs and Segni, submitted). Each bar shows
the manual reaction time to word/non-word decision (left half or graph}
or the eye’s gaze duration (right half) for words like ‘BREF” (no neigh-
bours), ‘JUPE® (several lower frequency neighbours}, ‘CHAR’ (a single
higher frequency neighbour, indicated by the asterisk) and *SCIN' {sev-
eral higher frequency neighbours, indicated by two asterisks).

- statistically significant both when analysed by subjects as by items. It is
“interesting, however, that the ‘SOIN’-type words behave differently in the
gaze duration data. Further work will show if this has something to do
_with the fact that this category had a higher bigram frequency than the
*other categories, and that this plays a more important role in gaze duration

measurements than in word/non-word decision times.
Given the many questions concerning the details of the word recognition
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framework we have set out above, and given the simplistic definition of or-
thographic neighbourhood we used, it is gratifying to find our hypothesis
supported. Note that several other authors (Savin, 1963; Coltheart, Dave-
laar, Jonasson and Besner, 1977; Chambers, 1979) have done similar studies,
but with inconclusive results. We believe the reason for this is that they did
not properly control for one of the three essential variables: experiential
familiarity, bigram ifrequency, and frequency of neighbours. The point we
wish to make here 1s that we may now be beginning to manipulate the rel-
evant variables sufficiently well to start using erthographic neighbourhood
effects as a sensitive tool with which to probe the higher levels of the word
recoguition process.

3 Acuity and word recognition

What can be seen at an eye fxation?

I will now turn to another aspect of word recogrition, associated with the
earliest, sensory, stages of processing. The word recognition framework pre-
sented above was built up to account for recognition of short words. This
explains why many authors did not bother to incorporate the eye’s power
of resolution into their models, It is clear that in the recognition of long
worda this must however be done, since letters not directly fixated are seen
with less resolution. In addition, word perception is not a purely receptive
process, since in many cases the eye moves around inside a word before
recognition is complete: there is an active exploration of the word. Much
of the work we have done in the past years in our group atiempis to un-

derstand the implications of these aspects of vision. In the present section I .

will attempt to calculate on theoretical grounds the number of letters which

ought to be visible from the fixation point. Then, in the section that follows

this one, I will look at the consequences of this for word recognition and eye

movenments.
Figure 2 iz a tangential cross-section of the retina taken {rom Osterberg
(1935). The centre of the retina is on the left. The circles are the cones

and the black dots that begin to appear on the right of the Hgure are the:

rods. Imagine the image of a word projected onto this retina, as at the
instant of fixation during reading. The figure is plotted to scale, assuming
letters of angular size approximately 20 min of arc (equivalent to reading

the journal Vision Research at 30 cm), taking account of 30% shrinking
of Osterberg’s preparation, and using the optical parameters for the eye’
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Figure 2: Tangential cross-section of the retina, including the fovea,
whose centre is indicated by the cross-hairs. Small circles are conss, and
dots, appearing only beyond about 1 degree, are rods. The words ‘Eye
movement’ are superimposed as they would appear on the retina when
reading them in Vision Research at a distance of 30 em (except they
would appear upside down and in mirror image form).

267
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suggested by Le Grand (1964) - idealized eye with refractive index within
the eye of 1.34 and a magnification at the pupil of 0.93. The letter ‘o’ being
directly fixated is being sampled by something like a grid of 30 x 30 cones.
Two letters further into periphery, the letter ‘e’ is being sampled by a 19
x 19 grid. Two more letters out, at an eccentricity of just over 1 degree,
the next ‘e’ is only being sampled by a 15 x 15 grid of cones. The drop-off
of resolution is very strong, even within the 1-2 degree zone usunally called
the fovea: at 1 degree from fixation, cones are spaced almost twice as wide
ag at the eye’s centre. Since ganglion cell convergence gets progressively
larger in parafovea, the ‘effective’ spacing as measured in the cortex will
be even larger than this and resolution correspondingly worse. Levi, Klein
and Aitsebaomo {1985) have collated recent anatomical evidence confirming
this. For the studies reviewed, whereas cone spacing at I degree is about
1.2 times the central value, cortical visual field sizes are about 2 times the
central value (this is shown by the solid lines in figure 3}. It should be noted
that Levi ef al. claim that older estimates of cortical magnification (e.g.
Rovamo, Virsn and Nasanen, 1978) are too small.

A striking fact about the curves in figure 3 is that they are straight lines.
This expresses the fact that peripheral vision, up to at least 10 degrees, can
be considered to be functionally a linearly expanded version of central vision,
with an expansion factor of about {1 + me¢), where ¢ is the eccentricity
in degrees, and rm is about 1.7. Schwartz (1980) has suggested that this

provides a cortical representation of the visual field which is almost invariant -

under rotation, size and projection changes. We will see an example of a
kind of ‘pseudo’ size invariance later in the discussion of visual span.

The anatomical data for cortical sampling of the parafoveal visual field ._

agrees well with psychophysical acuity data. Different types of acuity judg-

ments are known to give widely varying values, with hyperacuity for vernier -
displacements being measured in seconds of arc at the centre of the visual.

field, but resolution for optotypes like the Landoit C only minutes of arc.
Nevertheless, if resolution in peripheral vision is expressed as a raiic of its

centfral value, the curves for vernier, Landolt, stereo acuity, and phase dis-.

crimination follow similar curves, and these are in fact straight lines closely
resembling those for cortical visual field sizes. This is shown as the upper

set of dotted lines n figure 3, for various studies collated by Levi ef &l and

myself: at 1 degree, resolution is 2.5 times that at the centre.
Parenthetically it is worth noting that when conirast sensitivities to
grating are measured in periphery, these appear not to cbey the same scaling

factor. It appears that grating acuity scales in a way more similar o cone

RATIO OF FPERIPHERAL /CENTRAL
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Figure 3: Ratio of peripheral and central values of various measures,
as a function of eccentricity. Data compiled partially from tables given
in Levi et al., (1985); 1 Westheimer, (1982); E: Wilson and Bergen,
(1979}, based on Hubel and Wiesel. Measures of position acuity: V:
Jacobs, {1979), Landolt O without masking bars; W: Jacobs, (1979},
with masking bars; X and Z: Levi et ol., (1985, vernier); ¥: Fendick
and Westheimer, (1983, stereoacuity); also ¥: Klein and Tylor, (1981,
phase discrimination}. Measures of cone spacing: a: Osterberg, (1935,
range 0-2.5 degrees); b: Rolls and Cowey, (1970). Measures of coriical
magnification: == Dow, Snyder, Yautin and Bauer, {1981); y: Van Essen,
Newsome and Maunsell, {1984}; z: Tootell, Silverman, Switkes and De
Valois, {1982).
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density rather than cortical receptive fields (cf. Levi et al, 1985}, that is
with m = 0.8 (lower set of dotted lines in figure 3).

In the above paragraphs I have illustrated the strong drop-off of acuity
even within the fovea. This drop-off can be expected to degrade letter
recognition even a few letters from the fixation point. But there is yet
another factor which further degrades letter recognition, namely lateral in-

teraction. Optometrists have been aware of this phenomenon for a long time

{e.g. Bourdon, 1902; Flom, Weymouth and Kahnsmann, 1963): they call it

‘crowding’. Psychologists at least since Erdmann and Dodge (1808), Korte |

(1923), and Woodworth {1938) have also demonstrated and studied it. More
recently some influential studies have come from IPO: Bouma (1970), An-
driessen and Bouma (1976). In all cases it is shown that acuity in parafovea
and periphery is worse when the test stimulus is flanked by nearby contours.

What is interesting about this phenomenon is that it is generally consid-
ered not to be explicable in terms of classical psychophysics, since it extends
over retinal distances which are too large. Thus Bouma (1970) estimated
that interactions affecting a stimulus placed at eccentricity ¢ only become
negligible if there are no contours within a distance 0.4¢, which corresponds
to very large retinal distances. However, these may actually be rather small
cortical distances.

Levi et al. {1985) suggest that classical psychophysics has assumed that

peripheral vision scales to central vision following a scaling factor which is-

based on underestimations, and that the correct scaling factor is much larger.
In their study of vernier acuity they confirm that masking phenomena gcale
correctly according to recent estimates with m=1.7. Bouma’s value of 0.4¢

for the extent of the region of interaction, would, under this scaling factor,

correspond to a region of interaction at the centre of the eye having a radius
of 14 minutes of arc. This is the outermost edge of the negative region of

the psychophysical line spread function estimated by a number of authors.

{e.g., N channel in Wilson and Bergen, 1979). It is, however, about three
times larger than the edge of the point spread funtion measured at [PC by
Blommaert and Roufs (1981); but such differences may be due to differences
in background luminance.

“Thus it does not seem unreasonable to suppose that even lateral inter-

actions of the type observed by Bouma follow the normal cortical scaling

factor of (1+ 1.7¢). Though further work is needed to confirm this point,

it will be useful to take it as an assumption in the following work, because

it. allows us to express in a single formula the dependence on eccentricity of
both resclution and lateral masking. We define an ‘effective resolution’ rg
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at the centre of the field, corresponding to the resolution in the presence of

masking contours. Then effective resolution at eccentricity ¢ can be taken

) vm ro.(1-+ m¢). This assumption allows some simple, yet powerful calcu-
“lations to be made concerning the number of letters visible from the fixation

point.

Calculation of theoretical visual span

Assume that to recognize a leiter, it is necessary to recognize a certain

number of features within that letter. These features will be agpects of the
- letter which differentiate it from other letters in the alphabet being used.
" The particular features used wiil depend on the task: if a very restricted

alphabet is used (say the only letters used are X's and O’s), then fewer,

.ncmwmmu features will be necessary tc make the distinction than if the whole
~-alphabet of 26 letters is used. Let us therefore consider a particular, fixed

task, say word recognition (rather than reading the numbers on bank checks,
where more precise recognition may be necessary}, and a particular type

. font. The features required will have a characteristic size, which we call ‘g’
the ‘grain size’. We expect that a reasonable value for this size might be

something like 1/3 to 1/10th of the character width, but this is an empirical
question, Clearly the ‘grain’ of a typography is a measure of its visibility.

.«.Eum larger the grain, the easjer it is to see.

Imagine that the eys, situated at distance d, is looking a6 a letter in a
string of letters; the spacing from letter to letter is w. How far from the

- point of regard will a letter within the string be recognizable? Say the N-th
letter is just visible. It is at eccentricity Nw/d radians (taking d > w).
-Assuming acuity and lateral interactions in central vision give an effective

resolution of ro radians, resclution at this eccentricity Nw/d will be scaled to
the value ro.(1+mNw/d). The letter will be just visible if this resolution is

‘sufficient to resolve the distinctive features of the letter, which have angular
" size g/d radians:

g mwly
MHE.QLﬁ!l&I!v (1)

from which we obtain

g d
N=—"—— —
romw  mw ()

The dependence of N on d is shown as a graph in figure 4. Note that the

“equation is only an approximasion, valid for d 3 w. It makes no provision
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N = Lmw 0w

\\mﬁnmwamﬁﬂ = g/r,aw

NUMBER OF LETTERS VISIBLE

VIEWING DISTANCE

Figure 4: Predictions of the ‘grain’ calculations for the number N of
characters visible on each side of the fixation point, as a function of
viewing distance. g: grain; ro: resolution in radians at eye’s cembre;
m: scaling factor; w: distance between centres of successive letters; d:
viewing distance.
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for possible differences between left visual field and right visual field. There
is also an error in assuming that lateral interactions scale according to {1+
m¢), since this would be true only if the distance between test and masking
contours were scaled also. In fact letters in peripheral vision remain the
same distance apart, so the ‘effective’ distance of test to contour is smaller.

.. To take account of this problem, larger values of m would have to be taken

as an increasing function of eccentricity, rather than a constant, as assumed

-above. A further correction is necessary owing to the fact that letters on a
- fiat surface will subtend a smaller angle when they become eccentric. Both
- these corrections apply for large angles (small distances), and modify the
" -equation so that for small viewing distances the critical value of N drops.

This is shown as a dotted line in the graph.
Several interesting things about this graph are worth noting. First of

- all, except for small distances, the graph is a straight line with y-intercept
. g/romw and gradient —1/maw.

If w and m are fairly large, the slope will be very flat, and dependence
on viewing distance will be small. This means that the number of letters
which are visible on each side of the fixation point will not depend strongly
on the viewing distance. This may be part of the reason that people can
place their heads quite freely with respect to the material being read. Alse,

“gince on the retina an effect equivalent to changing viewing distance can
“be obtained by changing character size, the same point can be made about

character size: the number of letters visible will be fairly independent of
character size.
Note that while the number of letters visible is insensitive to distance

‘and size changes, the angular eccentricity over which there is clear vision is

strongly dependent on distance, since it is equal to Nw/d = constant * w/d.

_-Fhis explains why it ig important to measure visual span in number of
characters, and not in degrees. The same is true of saccades in reading
“{cf. O’Regan, Lévy-Schoen and Jacobs, 1983): they should be measured

in number of characters, otherwise there will be a strong dependence on

viewing distance or letter size®.

It will be useful to give an intuitive explanation of where this size invari-

‘ance comes from. Consider a string of letters, being viewed from a certain

distance. If I double this viewing distance, the letters will subtend an angle

2Tt appears that even when measured in letter-spaces, saccades are actually less depen-

* “dent on viewing distance than predicted from the idea that the eye moves to the edge of the
‘region of visibility. We think this is for reasons connected with cognitive and oculomotor
.- factors {O’Regan and Lévy-Schoen, 1987).




274 J. K. O’Regan Visual acuity, lexical structure and eye movements 275

half as large, and so they will be twice as hard to see. But because they
are half as large, they are twice as cloge to the centre of the retina, where
because of the linear relation of resolution to eccentricity, resolution is twice
as good! The net result is that I can see them all equally well again! The.
key to this reasoning lies in the approximately linear scaling of central to
peripheral vision. In fact Schwartz (1980), who has extended this kind of
argument to rotation and projection changes, argues that the correct scaling
should be logarithmic rather than linear. But this only makes a difference
for large eccentricities. Also, the fact that at the eye’s centre resolution s
finite and not 0 minutes of arc (i.e. acuity is not infinite at the eye’s centre)
means that the intuitive argument is not quite right, and explaing the slight
fall-off in number of letters visible with increasing viewing distance.

. We used a computer-conirolled adaptive psychophysical method to ob-
tain the percent correct letter reports as a function of eccentricity. A sep-
arate curve was plotted for each viewing distance. From each curve we
. extracted the eccentricity at which accuracy of report was 50% (which we
arbitrarily defined as the threshold of visibility). We plotted these eccen-
-tricities as a function of viewing distance in figure 5. Of course eccentricity

" Letters Ly
Visible gl

Empirical data for visual span

It is difficult to empirically measure the eccentricity at which a letter can 2 r m g

just be seen in a string. You cannot just present people with a string of ) ) 0 084 20 20

letters and a fixation point, and ask them to read off the letters without - 1 spacing W ﬁoumm “w ww

moving their eyes: people have an irresistible tendency to move their eyes, iy ' ' )

and find it very difficult to suppress this®. B 5 T T

We tried flashing up a string of letters for a time too short for eye move-
ments, and asking subjects to report a letter at a given eccentricity. Un-
fortunately when we tried to use a nearby marker to indicate which letter
was o be reported, presumably because of lateral masking or poor periph- -
eral position coding, the subjects were totally unable to tell which letter the
marker was pointing to. We resorted to using only a group of three char-
acters in peripheral vision, with the central one to be reported. In order
to avoid confusions the outer characters were mumbers rather than letters:
this provided contour masking similar to what other letters would produce,
and yet avoid confusions in reporting the central test letter. In uging this
technique we were building on the method Bouma (1970) had already used -
to study contour interactions, except instead of having x’s as flankers and
studying the effect of spacing these closer or nearer to the test letter, we
used numbers as flanker and investigated the effect of changing the 525:@
distance. We used only upper case characters.

VIEKIHNG DRISTAMWCE (cm)

Figure 5: Results of experiment to measure number of characters visible
on each side of the fixation point as a function of viewing distance.
Results for normal (0), double {1} and triple {2) spacing. The table
shows values of 1 and g calculated from the graphs’ slopes and intercepts
using independent measure of central resolution ry.

is indicated in number of characters (N), not in degrees, since this allows
‘comparigon with the formula obtained above. The results are means over
our subjects.

.~ As a test of the calculations above, in the experiment we used three dif-
ferent spacings between the characters:

)
vt ot St

NORMAL SPACING
ONE BLANK SPACE
T W O B L ANK S PACES

3Nevertheless Townsend, Tayler and Brown (1971) managed to train two subjects io
do $his, but did not investigate the effect of size of distance on the number of letters that.
were readable. For the record, they found for characters subtending 20 min of arc, that
people could recognize and locate 5 letters with better than 50% accuracy. Erdmann and’
Dodge (1898) had also found a similar figure. g2

2

In doing this, we assumed the graiu of the characters remained constant,
but that the effective spacing w from character to character increased from
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1/3 0 2/3 to 1 em. 4 FEye movements in word recognition

Let us first look at the general aspects of these curves. It is clear that
they follow the expected trend. The variation in visual span in going from a
viewing distance of 30 to 120 cm (equivalent to using characters four times
as small) is never more than 1-2 letters. Note that if I had plotted angular
size of the characters rather than distance, I would have obtained a curve
showing that visual span is largest for medium-sized characters, with very
small and very large characters giving smaller visual spans, Bourna, Legein,
Mélotte and Zabel {1982) have also found this.

If my theory is correct, the slopes of the straight portions of the curves
should be equal to —1/mw, so since we know w, we can estimate m. The -
values obtained are shown in the figure. The values are exactly in the range
we expect from the independent anatomical and psychophysical estimates
of cortical magnification discussed above.

The intersects of the straight portions of the curves on the y-axis should
be at values g/rgmw. I we knew ro, we could deduce the value of the grain
g. We therefore did a second experiment on the same subjects in which we
measured central acuity rp, in the presence of laterally masking letters at the ,
three different spacings 0, 1 and 2. The values we obtained are indicated in
the figure. As expected from lateral interaction, we observed that resolution
improved slightly as the adjacent letters moved farther away.

Reading off the intersects from the curves in figure 5, and putting these
equal to g/romw for each spacing condition, we get, after calculation and
conversion into pixels, three estimates of the grain: 2, 2.3 and 3 pixels for
spacing @, 1 and 2 (also indicated in the figure). Considering that the char-
acters were made in an 8 X 8 matrix, these values seem eminently reasonable.
It is interesting that the subjects appeared to be using coarser distinctive.
features in the wider spaced condition. Perhaps this is because when lateral
masking is weaker, global contours interact less and are more useful.

The pleasing aspect of the analyses I have presented is that they make the
connection between anatomical, psychophysical and psychological data by
the use of the simple notion of ‘grain’. Since this notion allows predictions to
be made about the visibility of characters as a function of their size, spacing "
and of the subject’s viewing distance, it may have use in ergonomics. The
present results and approach {as well as some other work we have done on the
effect on character recognition of defocussing the retinal image, as occurs in
presbyopia), would certainly benefit from being compared to the work that
was done at IPO on character size and poor acuity (Bouma et al., 1982),

and by Van Nes and Jacobs (1981) on contrast in character recognition. .

.me optimal viewing location

I have discussed two factors that strongly limit perception even quite close to
the fxation point. Because of these, it may be that in word recognition it is
-advantageous for the eye to fixate a particular ‘convenient’ or ‘optimal’ place
in words: for example, in the case of long words, a fixation somewhere near
. ‘the middle of a word might be 2 good vantage point, from which the letters
«at the word’s beginning or end might still be sufficiently visible for the word
‘to'be easily identified. On the other hand, fixating near the beginning or end
-of a word might render the letters at the other end of the word hard to see,
and hinder recognition. However, note that a further factor, namely lexical
structure, may modulate these nonm_&mwmﬂoum. For axmﬂ%wﬁ in many casges
‘the lexical structure of a word is such that the beginning of the word carries
‘more information than the end. This might shift the ‘optimal’ position
more towards the word’s beginning. Thus, the truly optimal position might
depend not only on visibility considerations, but also on the word’s lexical
structure,

- These ideas are confirmed by our experiments. The paradigm we use
is'as follows. The subject is sitting in front of a computer screen wearing
@ special photoelectric device mounted on spectacle frames that allows the
horizontal eye position to be measured. He locks at a fixation mark at the
centre of the screen, and when the compuier detects accurate fixation, it
displays a test word at the aye’s fixation point, and one or more additional
words further to the right. The subject’s task is to read the short phrase
formed by the whole group of words, and make some judgment about it.
_U.m@mu&ﬁm on the experiment, we have asked subjects $o decide whether
the short phrase makes sense or not, or whether two words displayed are
.,_..rm same. To prevent interference between processing of the test word and
the remaining words, while the subject’s eye is on the test word, the other
words in the phrase are masked out by being spattered with random dots.
As soon as the subject’s eye leaves the test word the fog of dots lifts from the
other words and definitively descends upon the test word (thereby preventing
further processing of it).

The variable manipulated in these experiments is the position relative to
the eye’s fixation point at which the test word appears. Thus, the test word
Em.w appear shifted to the right or to the left relative to the fixation mark
in:such a way that on appearance. the eve is fixating in different zanes f




278 J.K. O’Regan

the word. The eye is free to move around in the test word before going on
to the next word, and it may make one or more fixations before doing so.

Figure 6 (top) shows the observed gaze durations on the test word: thatis.

the total time spent by the eye on the word before going on to the next word.

The data {replotted from O’Regan, Lévy-Schoen, Pynte and Brugaillére, .

1984) show that the position where the eye starts in the word is very critical
in determining the total time spent on it. There is a ‘convenient viewing
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Figure 6: Top: gaze duration, and Botfom: number of fixations made
on a word, as a function of the position the eye starts fixating in the
word. Data for different word lengths (5, 7, 9 and 11 letters) are shown
{replotted from O’Regan et al.,, 1984).

position’, somewhat left of centre, where the eye should start in the word

" position effect’ or the
. strong dependence of total time spent by the eye on a word as a function of
~where the eye starts fixating in the word. I was surprised by the strength of
- the effect, and by its stability. It can also be obtained without measuring eye
- movements by merely asking the subject to name words, but using naming is
* :not such a pure measure as gaze duration, since it involves the complication
- of setting the subject’s articulatory apparatus into motion and brings with
it a number of objections. The strength of the effect, and the fact that it
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....mo_.; recognition to be most rapid. Notice that the penalty for not starting

at the convenient viewing position is rather large: about 20 ms per letter

»of deviation. The effects are highly significant. The lower graph shows the
. mean number of fixations made on the word as a function of the position the
" eye started fixating when the word appeared. The curves show that when
.the eye starts fixating at the optimum position, fewer fixations are made
“‘than when it starts fixating in the word at a different position, We have
. replicated these results several times now (cf. O’Regan and Lévy-Scheen,

1987), and similar effecis are beginning to be found by other authors both
for isolated words {(Underwood, Hyona and Niemi, 1987} and also in normal
reading (Blanchard and McConkie, cf. O’Regan and Lévy-Schoen, 1987).

I call the phenomenon I have just described the ‘convenient viewing

‘optimum viewing position effect’. It consists in the

presumably depends on a combination of visual and lexical factors, suggest
that it might be a good way of probing the process of visual word recognition

~and lexical access.

~ The optimum viewing position and lexical factors

“H, as 1 have suggested, the optimum viewing position depends on a combi-
“nation of visual and lexical factors, then it ought to be possible to modulate
it by modulating each of these factors. The work we have done recently has
‘been concerned with modulating lexical factors, in particular word length,

frequency, and morphemic structure. Studying how the opfimum viewing
position phenomenon depends on these factors is a new way of gaining in-
sight into word recognition processes. Here I will discuss work we have done

on ‘informativeness’: a factor that has strong resemblance to what Marslen-

Wilson calls ‘cohorts’ in auditory word recognition (e.g. Marslen-Wilson

and Welsgh, 1978).

We selected in the French dictionary two groups of 10 words: the ‘in-

formative beginning’ group, and the ‘informative end’ group. The groups

were matched for length (10-12 letters) and for frequency (mean: 3.5 per
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million}. Fach word in the ‘informative beginning’ group had the property
that given its length plus or minus a few letters, it was uniquely determined
in the dictionary by its first six letters (examples: perquisition, atiroupe-
ment, arrestation, auziliaire, hirondelle). An ideal lexical access machine
therefore should be able to recognize the word by looking only at these six
letters. Words in the ‘end’ group had the property that they were uniquely
determined by their last six letters (examples: circonspecte, interrogatif,
transversal, approfonds, architecte).

The task was a semantic judgment: the test word appeared as the first -
word of a short phrase that could make sense (e.g., ‘perquisition brutale’} or
not {e.g., ‘gymnastique de la solidité’). Oculomotor behaviour was measured. -
as a function of the position where the eye started fixating in the word, using
the same paradigm as above.

In the hypothetical case that lexical access can make use of word end
constraints as effectively as word beginning constraints, the optimum view-
ing position for the ‘beginning’ words should be near the beginning, and for
the ‘end’ words should be near the end of the word. :

Figure 7 (top) shows the gaze durations as a function of position ini-
tially fixated in the word (sec also O’Regan and Lévy-Schoen, 1987). The
typical U-shaped optimum viewing position curves are found again. For the .
‘beginning’ words, the optimum viewing position is near the fourth letter:
The ‘end’ words do not however have their optimum viewing position in
the expected place at their ends. Instead, there seems to be a much less’
well-defined optimum, spread out over the central part of the word. Nev-.
ertheless there is a clear, statistically significant difference in the behaviour
of the two types of words, showing that lexical factors intervene in deter- .
mining the optimum viewing position. The lower curves, showing nurnber
of fixations made, follow exactly the same trends.

Tt is interesting to ask why the ‘end’ curves do not have a clear minimum
over the ends of the test words. A possibility is as follows: suppose that the
mental dictionary must be accessed via the first letters of words. Consider
what happens if the eye starts fixating the letters at the beginning of a word
If the first letters are informative (that is, they allow the end of the word "
to be deduced), then the eye has no need to go to the end of the word, and:
recognition is faster than if the beginming is not informative. Now consider-
what happens when the eye starts fixating at the end of the word. In all’
cases the eye must move to the beginning of the word to be recognized: it
is irrelevant whether or not the end of the word is informative. :

We further tested this idea by modulating the degree of informativenes .
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are shown (replotted from O’Regan and Lévy-Schoen, 1987).
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of the beginnings and ends of the words (O’Regan and Holmes, in prepara-
tion). We chose the same ‘beginning’ words as before. In addition, for each
such word, e.g., ‘attroupement’, we found a word which could be called “un-
informative beginning’. This word was visually quite sirnilar, had the same

length and the same frequency in the language, but it had the property that

the beginning was not informative this time: now ther¢ were one or several .

other words beginning in the same way. These other words were also more
frequent than the test word itself. An example of such a test word was
‘accoutrement’, whose beginning is shared with two more frequent words:
‘accoutumance’ and ‘accoutumer’).

The same thing was done for the ‘end’ words: we retained the previous

‘end’ words and added for each word another word of the type ‘uninforma-
tive end’. These had the same form, but were such that they shared their
ends with one or several other words with higher frequency: e.g., for the
‘end’ word ‘interviewer’, we found the ‘uninformative end’ word ‘interver-
tir’, which shares its end with the two higher frequency words ‘pervertir’
and ‘divertir’.

We mixed all the words together and repeated the experiment. The
results are shown in figure 8. The thick lines correspond to ‘beginning’
words, and the thin lines to ‘end’ words. Globally the two sets of curves

show the same trends as before, both for gaze durations {top} and for number .

of fixations (bottom): for ‘beginning’ words there is a minimum near the
word beginning, but for ‘end’ words the minimum is spread more evenly
over the middle part of the word. Now consider the difference between
the curves for ‘informative’ words {continuous lines) and for “uninformative
words’ {dashed lines). Both for gaze durations and for number of fixations
there is a difference between ‘uninformative’ and ‘informative’, but only
for the first two letters of the ‘beginning’ words. There is no statistical

difference between the continuous and dashed thin lines, which are for ‘end’.
type words. It seems therefore that the degree of informativeness plays a

role, facilitating word recognition. However it does so only at the beginning

of a word. This seems compatible with the interpretation we gave of the
previous experiment: less use is made of constraints arising from the ends
of words. Word recognition cannot occur via word ends, even if these are.

highly constraining.

The experiments described here show the use of initial viewing position

as a variable to probe word processing. In addition to a number of studies

we have carried out to better understand word length, frequency and mor-.
phalogical structure, Bouwhuis (1984) at IPO has recently also considered.
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fixation position as a tool in studying the recognition of bisyllabic words.

Eye movement strategies in word recognition

Studying gaze duration as a function of the position initially fixated by the
eye has proved a useful way of probing word recognition precesses. However,
further information can be gained by locking at the detailed eye movement
gtrategies used by readers in recognizing words.

Nevertheless the analyses of these strategies have proved to be rather
complicated, and I wish here only to look at a particularly interesting case,
namely what happens when the eye makes exactly two fixations in the word.
This case will occur frequently when the eye initially fixates a position which
is not optimal. The question now arises: what does the eye do? Does it
immediately move to the ‘optimal’ position? Actually, although at first
sight appealing, this idea makes little sense, since how can the eye know in
advance where the optimal position is?

Figure 9 shows what actually happens for the case of 11-letter words,
These histograms are reanalysed from the data of O’Regan et al. (1984;
see also O’Regan and Lévy-Schoen, 1987). The arrow below each histogram
shows the position where the eye started in the word, and the histogram
shows the distribution of places where the eye landed on the second fixation.
It is clear that the second fixation is not always at the same position in the

word. It looks as if it is placed in such a way that the two fixations taken"

together allow the word to be evenly covered, as though processing of the
word were distributed over the two fixations.

The idea that processing might be distributed over the two fixations:

occurring in the word seems to be confirmed when we lock at the durations
of first and second fixations. The solid line in figure 10 plots an example

of the duration of the first fixation as a function of where this fixation -
occurred. Above each x-position plotted, I have plotted the duration of the
corresponding second fixation (even though this second fixation occurred -

somewhere else in the word!). I have done this so that durations of first and
corresponding second fixation can be compared: the striking fact emerges

that they are perfectly complementary. When first fixation is long, second .,..

is short, and vice versa,

This is quite compatible with the idea of distributed processing. The®

time spent on the first fixation is saved on the second.
Unfortunately, further work has shown that things are not so simple.
The shape of the first fixation curve actually reflects purely oculomotor
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- processes, and not the amount of processing that has been done. Figure 11
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- Figure 11: As in figure 10, but when scanning not a word, but a string

.o of 13 x’s with the task of fixating its middie before moving to an eccentric

" stimulus. The abscissa is the zone in the atring where the eye was fixating
when it appeared on the screem.

-shows the results of an experiment in which the subject was asked to fixate
+the middle of a string of x’s, and then to move on to another string. Just
mm in the optimum viewing position experiments I have been describing, the
anm.wmnnum eye was started off at different positions in the string. In this
wﬁm@ oculomotor task where no lexical processing is being done, curves
very similar to those of the previous figure are found.

- The previous figure (figure 10) can thus not be taken as evidence that
distributed processing is occurring. An attempt to explain eye movement
strategies within words was presented in O’Regan and Lévy-Schoen (1987).
Here it will suffice to say that in addition to visual and lexical factors,
oculomotor factors must also be taken into account when attempting to
‘understand word recognition.
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5 Conclusion

The research described in this chapter has spanned studies concerned with
lexical, visual, and oculomotor factors affecting word recognition. Al three
agpects combine to create the impression of ‘seeing’ a word.

Because of the very strong drop-off of visual acuity even within the
fovea, knowledge of the lexicon contributes in an important way to word
recognition, particularly for words of length five letters or more. Work on
exactly how lexical constraints intervene has been progressing rapidly over
the last years. However, many guestions remain to be answered, such as the
kind of preprocessing done by the visual system, the precise kinds of features
that are used in letter and word recognition, their degree of invariance to
spatial transformations, what the higher level codes involved are, the exact
way in which competing units interact, etc. The discovery of orthographic
neighbourhood effects promises to provide a new tool with which to probe

the ‘circuitry’ involved in word recognition. This in turn may provide a -

useful model for the first steps towards the problem of object recognition in
general.

The section on acuity in word recognition showed the importance of tak- -
ing into account the severe drop-off of the eye’s power of resolution even -

within the fovea. The simple postulate of the concept of ‘grain’ of a ty-

pography was sufficient to make quantitative predictions about the number

of letters that can be seen at & single fixation of the eye, and about the

dependence of his number on viewing distance, character size and degree of
defocussing. The ‘grain model’ was, however, a first, highly simplified step, |
and further work could develop the model to more accurately take into ac- -
count the action of lateral masking. This might enable the model to make
predictions about the effect of varying character spacing. One of the inter-
esting insights that the model gave was the fact that, given the particular
non-homogeneous structure of the retina, the amount of material that can
be encompassed within a single fixation of the eye is largely independent of

the viewing distance. For example, if I am looking for a ring that T have lost

on the floor, then the radius of the region on the floor within which the ring

will be visible 1s, within certain limits, independent of the height at which I

place my eye. It may be that this property of the visual system constitutes.

a kind of pseudo-invariance that ensures that the amount of material to b
processed at each fixation does not depend on the viewing distance.

Another consequence of the acuity characteristics of the retina is _‘_r.w”
existence of the ‘optimal viewing position’ in words: the position in a word,
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where the eye must fixate first in order for recognition to be most rapid.
This highly important discovery provides a new basis for understanding eye
movements in reading. Further, the concept of an optimal position may be
extendable to object recognition. Indeed, if the penalty for not first fixating
in the optimal position is as large in object recogunition as in word recogntion,
then this concept may prove to be extremely important in understanding
scene analysis, and also in the ergonomics of visual displays.

. Eye movement strategies in visual perception have not received as much
attention as they merit. The work described very briefly here has shown

- that eye movements in word recognition are a combination of automatic,
preprogrammed oculomotor strategies that can act quickly on the basis of
:low-level sensory information, plus a kind of slower-acting control that makes

use of linguistic information. Further work on the interplay between these

-+ two kinds of control will undoubtedly provide insights into reading and scene
‘Tecognition,
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Convenient Viewing and Normal
Reading

Martin M. Taylor*

1 Introduction

This paper relates (O’Regan’s presentation at this workshop to processes in-
‘volved in normal reading. He presented studies on the Convenient Viewing
-Position (OVP), and has related the results to the fall-off in both visual
.and cortical acuity as distance from the fovea increases. His results and
analysis may relate only to the less imnportant of two kinds of process in
normal reading. In normal reading, slow but accurate processes normally
cooperate with fast but less reliable processes. The latter do not always
‘require individual letters to be identified. Letters are harder to identify
-parafoveally than foveally in the neighbourhood of other letters, because of
-lateral interactions that incresse with distance from the fovea. Although
~these interactions reduce the effectiveness of the slow processes, they may
facilitate the fast processes. Lateral interactions may have evolved, long
before reading, to permit rapid identification of potentially important pat-
_terns that may demand to be analysed at leisure using foveal vision; such a
facility would be helpful in normal reading by rapidly suggesting a sequence
of places worthy of slower detailed analysis. Only the slow Processes use
all the information about the letters and specifically about the order of the
“,_m.nnmwmm these are the processes tapped by O’Regan’s studies on CVP and
referred Viewing Position (PVP). In normal reading, the PVP is at or near
wm informational centre of gravity of the word, but the CVP is well to the
Tight of it. This discrepancy may accommodate both fast processes that are
‘used for all words and slow processes hat might be needed for some words.
+In.this discussion I will try to relate the work on CVP described by
'Regan to the processes involved in normal reading. I take for granted
hat the experiments have been properly performed and described. O’Regan
oints out that both retinal and cortical acuity drop off nearly linearly as a
unction of distance from the fovea, but that cortical acuity drops off faster,
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