Eye Movements in Reading:
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Keith Rayner

When we read, our eyes do not
move smoothly across the page of
text as our phenomenological im-
pressions imply. Rather, we make a
series of eye movements (referred to
as saccades) separated by periods of
time when the eyes are relatively still
{fixations). Eye movements are nec-
essary during reading because of
acuity limitations in the visual sys-
tem. A line of text extending around
the peint of fixation can be divided
into three regions: foveal,
parafoveal, and peripheral. The
foveal region is the center of vision
(extending 1° of visual angle to the
left and right of fixation), where acu-
ity is sharpest, enabling us to resolve
the letters in the text easily. In the
parafoveal region {extending out to
5° of visual angle on either side of
fixation} and the peripheral region
(everything on the line beyond the
parafoveal region), acuity drops off
markedly so that our ability to iden-
tify letters is not very good even in
the near parafovea. The purpose of
eye movements in reading is there-
fore to place the foveal region on
that part of the text we wish to pro-
cess next.

The basic facts about eye move-
ments during reading have been
known for some time. The typical
saccade is about eight 1o nine letter
spaces; this value is not affected by
the size of the print as long as it is
not too small or too large. The ap-
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propriate metric to use when dis-
cussing eye movements during read-
ing is therefore letter spaces, and not
visual angle; generally, three to four
letter spaces is equivalent to 1° of
visual angle. Because of the high ve-
locity of the saccade, no useful in-
formation is acquired while the eyes
are moving; readers acquire infor-
mation from the text during fixa-
tions. The average fixation duration
is about a quarter of a second (250
ms). The other primary characteristic
of eye movements during reading is
that about 10% to 15% of the time,
we move our eyes back in the text
iregressions) to look at material that
we have already read.

It is also important to note that as
text difficulty increases, fixation du-
ration increases, saccade length de-
creases, and regression frequency
increases. More important, the val-
ues just presented are averages, and
there is considerable variability in
the measures, both between and
within readers. Thus, although the
average fixation duration for a given
reader might be 250 ms, for others it
could be on the order of 200, 235,
280, or 300 ms. The average sac-
cade length and regression fre-
guency also vary across readers. As
far as within-subject variabtlity is
concerped, although a reader’s av-
erage fixation duration might be 250
ms, the range could be from under
100 ms to over 500 ms within a pas-
sage of text. Likewise, although the
average saccade length for a given
reader might be 8 letter spaces, the
range could be from 1 letter to over
15 {though such long saccades typi-
cally follow regressions). A great
deal of recent research has docu-
mented that the variability in these
measures is related to the ease or dif-
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ficulty associated with processing
the text.

Since the mid-1970s, there has
been a resurgence of interest in us-
ing eye movement data to study the
reading process.! Researchers have
typically been interested in eye
movements during reading for two
reasons: (1} to describe the charac-
teristics of the eye movements per se
and (2) to use eye movement data to
infer something about perceptual
and cognitive processes during read-
ing. Because most of the work in my
laboratory has focused on the latter
issue, the major focus of this article
is on processing during reading.

THE EYE-CONTINGENT
PARADIGM *

A major breakthrough in studying
the reading process has been due to
the development of the eye-
contingent display change para-
digm.? In this paradigm, a reader’s
eye movements are monitored (gen-
erally every millisecond) via an ac-
curate eye-tracking system. The eye-
tracker is interfaced with a
computer, which, in turn, controls a
display monitor (which has a rapidly
decaying phosphor) from which the
subject reads. Changes in the text
are made at precise times contingent
on the location of the reader’s eyes;
sometimes the changes are made
during a saccade (so that they are
not perceived by the reader), and
sometimes the changes are made
during a fixation.

Moving-Window Technigue

The moving-window technique
was developed to investigate the
size of the span of effective vision
during an eye fixation. With this
technique, on each fixation, a por-
tion of the text around the fixation is
available to the reader. QOutside this
window area, the text is replaced by
other letters or by xs (see Fig. 1).
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Fig. 1. Examples of the moving-window paradigm. The first line snows a normal line of text with the fixation location marked by an
asterisk. The next two lines show an example of two successive fixations with a window of 17 letter spaces. The remaining lines show
examples of other types of experimental conditions. In the asymmetric example, the window extends 3 letters to the left of fixation and
8 to the right; in the similar-letters condition, the letters outside the window are replaced by similar letters rather than Xs; in the
no-spaces example, all of the spaces between words are filled in outside the window; in the one-word example, only the fixated word
is within the window; and in the two-word example, the fixated word plus the word to the right of fixation is available.

When the reader moves his or her
eyes, the window moves with the
eyes. Thus, wherever the reader
looks, there is readable text within
the window and altered text outside
the window. The rationale is that
when the window is as large as the
region from which a reader can nor-
mally obtain information, reading
will not differ from when there is no
window present.

A number of studies using the
moving-window technique have
found that the span of effective vi-
sion extends about 14 to 15 letter
spaces to the right of fixation. How-
ever, the span ts asymmetric, ex-
tending no more than about 4 letters
to the leit of fixation for readers of
English. For readers of right-to-left
orthographies, such as Hebrew, the
span is asymmetric in the other di-

rection {extending further to the left
than to the right}). Characteristics of
the orthography also influence the
size of the span: More densely
packed orthographies, such as Chi-
nese and |apanese, vield smaller
spans.” Another interesting finding is
that beginning readers have a
smaller span than skilled readers;
the span extends only about 11 let-
ters to the right of fixation for chil-
dren at the end of first grade, but it is
asymmetric. Finally, skilled readers
do not obtain useful information
from below the fixated line, though
if the task s visual search, some in-
formation is acquired.*

Boundary Technique

The boundary technique was de-
veloped to determine what type of
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information is integrated across eye
movements in reading. In this tech-
nique, a boundary location is spec-
ified in the text; when the reader’s
eye movement crosses the invisible
boundary, an originally displayed
word or letter string is replaced by a
target word (see Fig. 2}. The amount
of time that the reader looks at the
target word ts computed both as a
function of the refationship between
the initially displayed stimuius and
the target word and as a function of
the distance that the reader was from
the target word prior to launch-
ing the saccade that crossed the
boundary.

Experiments using both the mov-
ing-window and the boundary tech-
niques have demonstrated a preview
benefit from the word to the right of
fixation. That is, information ob-
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Fig. 2. Anexample of the boundary paradigm. The first line shows a line of text prior to a display change with fixation locations marked
by asterisks. When the reader’s eye movement crosses an invisible boundary (the letter e in the), an initially displayed word (date) is
replaced by the target word (page). The change occurs during the saccade so that the reader does not see the change.

tained about the parafoveal word on
fixation n is combined with informa-
tion on fixation n + 1 to speed the
identification of the word when it is
subsequently fixated.

tn a number of different experi-
ments, orthographic, phonological,
morphoiogical, and semantic simi-
larity between the initially displayed
stimulus and the target word have
been varied to determine the basis of
the preview effect.® The results of
these experiments indicate that there
is facilitation due to orthographic
similarity, so that chest facilitates the
processing of chart. However, the
facilitation is not strictly due to vi-
sual similarity because changing the
case of letters from fixation to fixa-
tion {so that cHaRt on one fixation
would be ChArT on the next) has lit-
tie effect on reading behavior. Thus,
the facilitation is due to abstract let-
ter codes associated with the first
few letters of an unidentified para-
foveal word to the right of fixation.”
There is also facilitation due to pho-
nological similarity, so that beech
facilitates beach and chute facilitates
shoot, but there is less facilitation in
the latter than in the former case.
Although morphological factors can
influence fixaticn time on a word,
they are not the source of the preview
benefit. Finally, there is ne facilita-
tion due to semantic similarity: song
as the initial stimulus does not facil-
itate the processing of tune (though
such words yield semantic priming
under typical priming conditions).

Masking Technique

The foveal masking technique is
quite similar to the moving-window

technique, except that a mask
moves with the eyes (see Fig. 3).
When the mask is larger than seven
letters, this situation results in an ar-
tificial foveal scotoma for normal
readers. Skilled readers find it very
difficult, if not impossible, to read
when foveal vision is masked.

The results of experiments using
the masking technigque and the
houndary technigue suggest that
word identification takes place
within a rather restricted region dur-
ing each eye fixation. Readers typi-
cally identify the word that they are
fixated on. However, when the
word to the right of fixation is short,
they often identify it as well, and
skip over it with the ensuing
saccade.

By delaying the onset of the
mask, it has also been possible to
determine how quickly information
is extracted from the text within a
fixation. The resuits of these experi-
ments indicate that if the reader has
50 ms to process the text prior to the
onset of a mask, reading proceeds
quite normally; earlier masking dis-
turbs reading. Although readers may
typically acquire the visual informa-
tion needed for reading during the
first 50 ms of a fixation, other exper-
iments have demonstrated that read-
ers can extract information at other
times during the fixation as needed.’

Finally, the masking technique
has been used to examine eye move-
ment control during reading.® For
example, by filling in spaces be-
tween words at certain points during
each eve fixation or by delaying the
onset of the text by first presenting a
mask, it has been possible to learn a
lot about the programming of eye
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movements. The results of such
studies indicate that decisions about
where to move the eves next and
when to move are computed sepa-
rately: Where to move next is based
primarily on word length informa-
tion, and when to move is based on
the ease or difficulty associated with
processing the fixated word,

Fast Priming Technique

In the fast priming technique, a
target word location is identified in
the text. The technique is similar to
the boundary technigue in that a let-
ter string initially occupies the target
location to prevent parafoveal pre-
view. When the reader’s eyes cross
the boundary, a prime word ts first
presented for a very brief period.
During the fixation, the prime is re-
placed by the target word (see Fig.
4). To date, only ane set of studies
has been completed using this tech-
nique, and semantic priming effects
were observed.” The technique is
now being used to investigate the
extent to which phonological codes
are automatically activated during
eye fixations in reading and to inves-
tigate the resolution of lexically am
biguous words during reading.

PERCEPTUAL PROCESSES

Studies using the eye-contingent
display change techniques have led
to a number of important observa-
tions concerning perceptual pro-
cesses in reading: The region of ef-
fective or useful vision in reading is
quite small, the span of word iden-
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Fig. 3. An example of the foveal-mask paradigm. The lower two lines show two successive fixations with a mask of 7 letter spaces.
As in the moving-window paradigm, the mask moves in synchrony with the eyes.

tification is such that on most fixa-
tions only the fixated word is identi-
fied, information is generally
acquired within the first 50 ms
of a fixation, and decisions about
where to move the eyes and when to
move the eyes are computed
independently.

The fact that the area from which
readers get useful information is
small is undoubtedly related to acu-
ity limitations. However, acuity lim-
itations cannot account for this en-
tirely. In particular, it has been
demonstrated that how much infor-
mation a reader gets to the right of
fixation is related to the processing
difficulty associated with the fixated
word: When it is difficult to process
(because, e.g., it is a low-frequency
word), readers get less information
to the right of fixation.'® It has also
been demonstrated that when the
parafoveal word is highly predict-
able, readers obtain more informa-
tion from the parafovea.'’

Although the eve-contingent par-
adigm has yielded a great deal of in-
formation about reading, other stud-
ies in which eye movements are
monitored (without display changes;
have also yielded a number of in-
sights. Research examining where
readers fixate in words has demon.
strated that fixation location in a
word is not random: Readers tend to
fixate about halfway between the
beginning and the middle of the
word.'? Extensive research efforts on
this effect have examined the conse-
quences of being fixated at locations
other than this optimal viewing lo-
cation.'® The general finding has
been that the consequences are
more serious when words are pre-
sented in isolation than when they
are in text. This result suggests either
that contextual information over-
rides low-level visual-processing
constraints or that readers are some-
what flexible about where they can
acquire information around fixation.

COGNITIVE PROCESSES

An important conclusion that has
emerged from eye movement re-
search is that the eye—mind span, or
the lag between what the eye is fix-
ating and what the mind is process-
ing, is quite tight. For example, ef-
fects due to eye-contingent display
changes show up immediately on
the fixation following a display
change, and are not delayed in the
eye movement record for a couple of
fixations. 1t has also been demon-
strated that {ow-frequency words
yield longer fixation times than high-
frequency words, and words that are
highly constrained or predictable
within a given context are fixated for
less time than words that are not so
constrained. The point is that in-
creased fixation times show up on
the low-frequency word and the un-
constrained word. If there were an
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Fig. 4. An example of the fast priming paradigm. The first line shows a line of text prior to a display change with fixation locations
marked by asterisks. When the reader’s eye crosses the invisible boundary location (the letter e in the), the prime word {book) is
presented for a brief duration (30 ms) and is in turn replaced by the target word (page) for the remainder of the trial. The duration of
the prime can be varied, and subjects are usually not aware of its presence if the exposure is less than 50 ms.
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appreciable eye--mind lag, the effect
would not appear until a couple of
fixations later.

The general finding that the area
of effective vision and the word
identification span are small (so that
readers typically identify only the
fixated word) coupled with the con-
clusion that there is no appreciable
eye—mind span has led to consider-
able optimism concerning the use of
eye movement data in investigating
cognitive processes during reading.
In the past 10 years, there has been
considerable research using eye
movement data te investigate (1)
word recognition processes during
reading, including the processing of
lexically ambiguous words; {2) how
readers parse sentences containing
temporary syntactic ambiguities;
and (3) inferences during reading.

It is beyond the scope of the
present article to review all these
lines of research.'® The point that |
would simply like to make is that eye
movement data have revealed a
great deal of important information
about moment-to-moment cognitive
processes during the reading pro-
cess. Variations in how long readers
look at certain target words or
phrases in text have been shown to
be due to the ease or difficulty asso-
ciated with processing those words.
Many paradigms used to study the
reading process either disrupt the
normal processing or are artificial in
some way. Because eye movements
are a natural part of the reading pro-
cess, one does not have to worry if

task-induced strategies are influenc-
ing the pattern of results obtained in
an experiment. Indeed, eye move-
ment data have often ended up be-
ing the primary source of evidence
for adjudicating between alternative
theoretical positions. My guess is
that this will continue to be the case
as more and more researchers find
the record left by the movements of
the eyes to be an appealing source of
experimental data.
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