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Future Directions for Eye Movement Research

( Department of Psychology, University of Massachusetts, Amherst, MA 01003, USA)

Abstract It is argued that research on eye movements has now entered a fourth general era. Each of the four e-
ras is briefly reviewed, and research findings related to eye movements during reading, scene perception, and

visual search are discussed. Future directions for research in each of these areas and research in other domains

involving eye movements are also discussed.

Key words eye movements, reading, scene perception, visual search, information processing

tasks.

Eye movement data have proven to be extremely
useful in the study of many topics related to cognitive
processing. Indeed, they may be the best on-line
measure of moment-to-moment cognilive processes.
This is not to say that eye movements will prove use-
ful in every aspect of cognitive processing. For exam-
ple, it is difficult to see how eye movements may re-
veal a great deal about basic memory processes ( but,
even here, they could be useful determining exactly
what people remember from a scene or visual dis-
play). In this article, I will briefly summarize some
important findings that have emerged from eye move-
ment research and then I will discuss some possible
future directions for eye movement research.

Elsewhere, I have argued''’ that we are now in-
to the fourth era of eye movement research. Because
my own research has focused so heavily on reading,
it is clear to me that these four eras hold for research
on reading. They may not hold as clearly for some
other research areas. [ will discuss these four eras
with respect to research on reading. Later in the arti-
cle, I will summarize research on eye movements

during reading, scene perception, and visual search.

[J Keith Rayner

When discussing reading, I will primarily focus on
English, but wherever possible I will also discuss re-
search on reading Chinese.

The first era of eye movement research began
with Javal s observation that the eyes do not move
smoothly across a page of text, but rather make the
now familiar sequence of fixations ( typically lasting
200 ~250ms) and sacades ( the rapid movement of
the eyes, which typically last 25 ~40ms in reading).
During this era, a great deal was learned about the
basic characteristcs of eye movements during reading
using, what seem today like, rather crude instrumen-
tation. It is a tribute to the researchers in this era
that virtually all of their findings have turned out to
be valid despite the crude nature of the eye-tracking
systems available. Researchers like Huey, Dodge,
and Dearborn were leaders of this era.

The second era coincides with the Behaviorist
movement in American Psychology. Whereas those in
the first era of eye movement research were quite
willing to generalize from the eye movement data to

(2]

mental processes ™', research on eye movements in

reading during the second era tended to be highly de-
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scriptive with little attempt to tie the data to underly-
ing mental processes. Researchers like Tinker,
Buswell, and Gray were the leaders of this era.

The third era began in the early 1970%, and was
largely motivated by the development of the gaze-con-
(351 This era also
coincides with the rebirth of Cognitive Psychology in
the United States'®’.

prior to this time there were impormant developments

tingent display change paradigm
With respect to reading, just

within the field of Linguistices that resulted in a bet-
ter description of language than was available previ-
ously. It is instructive in the present context that in
the last of a series of reviews that he published,
Tinker concluded that " The future study of eye move-
ments in reading does not appear to be too promis-
ing. The eye-movement approach to the study of
reading has probably made its major contribu-
tion" 7. T will not go into the reasons that may have
led Tinker to this rather pessimistic conclusion.
However, it is clearly the case that he was wrong,
and he was wrong because he could not anticipate the
technological advances that were just around the cor-
ner with respect to better and more efficient eye-
tracking systems and a better understanding of lan-
guage. During this third era, a great deal was learn-

ed about eye movements and basic mental processes
1,8-10]

during reading'

The fourth era coincides with the development of
sophisticated models which effectively simulate eye
movements during reading. Perhaps the most promi-
nent of these models is the E-Z Reader model'"" ="',
Other recent examples are Mr. Chips'*!, Glen-
more'"®! | SWIFT!'*~"") | EMMA'™', and the Com-
petition/ Interaction model **. The virtue of these
models is that they are able to not only simulate the
characteristics of eye movements in reading'"™’ | but
they also have generated a considerable amount of re-
search that otherwise might not have occurred. This
happens typically because of the precision of a model

which leads to testable predictions'"'.

As I noted at the outset, these four eras de-
scribe research periods with respect to eye movements
and reading. It is the case that other areas in which
eye movements have been used to investigate mental
processes may not have quite the same history as
reading, but the similarities are greater than the
differences. At this point, I will describe the charac-
teristics of eye movements in various tasks. After
that, I will briefly summarize the primary findings for

reading, scene perception, and visual search.
Eye Movements in Various Tasks

Table 1 provides a summary of the primary char-
acteristics of eye movements across a number of dif-
ferent tasks. Here it can be seen that the average fix-
ation duration varies quite a bit as a function of the
particular task. In silent reading, the average fixa-
tion duration tends to be roughly 200 ~250ms, while
in oral reading it increases to more like 300ms for
readers of English. Fixations also tend to be longer in
scene perception, music reading, the average fixa-
tion duration tends to be highly variable and is very
much influenced by the density of the array and
search difficulty.

Table 1. Average fixation durations (in mil-
liseconds ) and saccade length (in degrees of visu-
al angle) for a number of tasks.

Task Fixation Duration
Silent reading ( English) 200 ~250

Silent reading ( Chinese) 200 ~250
Oral reading ( Eng-

Saccade Length
2deg (8 letters)
2deg (2.0 ~2.6 letters)

) 275 ~300 1. 5deg (6 letters)
lish)
Scenes 300 ~330 4deg
Visual search 190 ~275 3deg
Music reading 375 Ideg
Typing 400 ldeg (4 letters)

Note that in reading, number of letters is a more appro-
priate measure of saccade length ( see Rayner, 1998). Thus,
for the reading related tasks, the number of letters is also
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shown in situations where 4 letters equals one degree of visnal
angle (for English) and 1 letter equals one degree (for Chi-
nese ). If the letiers were larger, so that in English 3 letters e-
qualed one degree, the saccade size would still roughly 8 let-
ters (but the saccade size in terms of degrees of visual angle

would change).

For comparison purposes ( and since there is
nothing equivalent to letters in the non-reading
tasks ) , the average saccade size is shown in terms of
visual angle. However, for reading, it is well-known
that letters are the appropriate metric to use in com-

(") The values for Chinese read-

puting saccade size
ers are taken from Chen, Song, Lau, Wong, and
Tang, and Inhoff and Liu'®"?!. It is interesting that
the average fixation duration seems to be similar for
readers of Chinese and English. What obviously dif-
fers is the saccade size (as determined by number of
letters). In the Chen et al'”'' and the Inhoff and
Liu'® studies (as well as others I've seen on eye
movements of Chinese readers), the average letter
size is about. 9 deg (thus, the letters are typically
larger than in English). So, if one compares on vis-
ual angle, there are similarities with English. But,
given that the information is more densely packed in
Chinese characters, the average saccade length is
considerably smaller when measured in letters. From
this, it also follows that the perceptual span in Chi-
nese is smaller than in English' ™%’

A final important note with respect to Table 1 is
that saccade size in scene perception and visual
search also tends to be highly variable and depends
again on the density of the array and the difficulty of
the task. However, it is clear that more information
tends to be taken in during a single eye fixation for

scenes and search than for reading.

What is Known About Eye Movments in
Reading, Scene Perception, and Visual
Search?

In this section, I will provide a very brief over-
view of what is known about eye movements in read-
ing, scene perception, and visual search. Given that
these three tasks are the ones that have been investi-
gated most frequently, 1 will devote more attention to
them: However, other tasks will be considered later.
Reading

A number of important conclusions have e-
merged from research on eye movements and read-
ing. More detailed information about each of the fol-

lowing points can be found in Rayner'"

. The impor-
tant findings and conclusions are as follows

1. The perceptual span in reading extends from
the beginning of the currently fixated word (or about
3 ~4 letters to the left of fixation) to about 14 ~ 15
letter spaces to the right of fixation for readers of
English. Within this total span region, different types
of information are acquired with information used to
identify a word on the current fixation restricted to a-
bout 7 ~8 letters to be right of fixation. The span is
variable in size and is influenced by factors such as
the difficulty of the fixated word and the density of
the information. Thus, as mentioned above, the per-
ceptual span is considerably smaller for Chinese than
English; for Chinese, the span extends 1 letter to the
left of fixation to 3 characters to the right when read-
ing from left-to-right'”'. Finally, the span does not
extend below the line that is fixated when reading
horizontally arranged text. When reading text that is
printed vertically (as can be the case with Chinese
and Japanese) , readers obviously obtain information
in the vertical direction of reading'**’.

2. The type of information that is iterated across
fixations when reading English is abstract letter infor-

mation and phonological information''!.

Interesting-
ly, it also appears that phonological codes are used
in integrating information across eye movements when
reading Chinese' > "',

3. Where to fixate next in reading seems to be

primarily determined by low level features in the
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text. For English, the spaces between words serve as
effective guideposts for the reader to target the next
unidentified word. In Chinese, of course, there are
no spaces between the words. Thus, apparently, the
eyes are sent lo the next unidentified character.

4. When to move the eyes seems to be primarily
determined by the ease or difficulty associated with
the currently fixated word in English. At the mo-
ment, there isn’t enough information to determine
what causes the eyes to move on when reading Chi-
nese.

5. Centainly, in the case of English and other
alphabetic languages, eye movements have proved to
be highly useful for studying on-line language pro-
cessing. Indeed, eye movements represent the gold
standard for research on syntactic parsing and ambi-
guity resolution.

Scene Perception

Scene perception is not as well understood as
reading. This i1s undoubtedly due to the fact that
there is a less constrained viewing situation with
scenes the reading. Furthermore, the task is not as
well-defined as with reading. However, a fair amount
has been learned about scene perception by monito-
ring eye movements. More detailed information about
each of the following points can be found in Hender-

. [28
son and Ferreira'™

. Some important findings are as
follows.

1. The perceptual span in seene perception is
much larger than in reading. More information is ac-
quired during each eye fixation leading to longer fixa-
tions and longer saccades than in reading.

2. Interestingly, it appears that not much in the
way of visual information survives a saccade. A large
literature on change blindness is consistent with this
finding'**'.

3. Scan paths over a scene tend to be fairly con-
sistent. Thus, when a viewer looks at a scene for a
second or third time, the scan path (or order in

which objects in the scene are fixated) is fairly simi-

lar. However, viewers can, and do, deviate from the
original order of scanning when necessary.

4. In formative parts of a scene are invariably
fixated. Viewers eyes are quickly drawn to relatively
important parts of the scene.

5. The decision of where to fixate next in a
scene seems to be very much influenced by salient
objects. Viewers tend to move their eyes rather
quickly to important parts of the scene. It is unclear
what determines when to move the eyes.

Visual Search

There has been a grat deal of research on visnal
search. However, the vast bulk of it has not involved
monitoring eye movements. Recently, Findlay and
Gilchrist suggested it is very misguided to do visual
search experiments in the absence of knowing what

the eyes are doing'®’

. Some important pints regard-
ing visual search are:

1. The perceptual span is variable and very
much depends on the density of array'®’. -

2. Viewers tend to look at salient things with re-
spect to what the target is. Distractors which are sim-
ilar to a given target will draw the eyes to them.

3. Fixations are probably not as tightly linked to

cognitive processes in visual search as in reading'™'’.

What’s Next?

In this section, I will provide some personal
speculation about where research will go in the next
few years with respect to reading, scene perception,
and visual search.

Reading

With respect to reading, it seems that there are
a number of interesting directions research can take.
I anticipate that the following will be the case;

1. Although a lot has been leamed about eye
movements and reading, I suspect that there will be
continued research dealing with the basic perceptual
and cognitive processes in reading.

2. As I noted earlier, the fourth era of eye
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movement research in reading has been marked by
the development of sophisticated models that simulate
eye movement behavior in reading. My guess is that
further development of the models will continue and
that the models will be further refined.

3. The vast majority of research on eye move-
ments and reading involves skilled readers. 1 think
that we will be seeing more and more studies with
children at the early stages of reading. The develop-
ment of more flexible eye-tracking systems will great-
ly facilitate this effort.

4. We know very little about the characteristics
of readers ~ eye movements as they get older. My
guess is that studies of the effect of aging on eye
movements will start to appear .

5. Surprisingly, very few studies have been
done examining the characteristics of eye movements
during oral reading. Part of the difficulty here is the
technical difficulties associated with coordinating the
eye movement record and the speech record. Howev-
er, recent technological advances have made this a
much more manageable situation.

6. Most research on eye movements has in-
volved recording only one eye (though viewing is in-
variably binocular). We need more and better infor-
mation on the extent to which the two eyes are coordi-
nated in reading.

7. A relatively small percentage of the research
studies dealing with discourse processing have relied
on eye movement data. [ believe that this trend will
change over the next few years and that there will be
many more studies on discourse processing using eye
movements to get a better sense of moment-to-mo-
ment processes.

8. The vast majority of the research on eye
movements and reading has been done using alpha-
betic languages ( particularly English). The field is
ripe for more cross-cultural studies examining the
characteristics of eye movements when reading non-

alphabetical writing systems (like Chinese and Japa-

nese ).

9. Some studies have recently appeared dealing
with music reading'™*'. T suspect that more of these
studies will appear.

10. Some studies have recently appeared in
which text and pictures are interspersed ), Of
course, it is typically the case that text and pictures
are available for much of the reading we do. More
studies of this type will also appear.

Scene Perception

With respect to scene perception, as I noted
earlier, I do not think we know as much about the
relationship between eye movements and the task as
we do about eye movements and reading. I suspect
that the following points are appropriate ;

1. Researchers need to get a better handle on
the perceptual span in scene perception and how it is
affected by the scene per se and the specific nature of
the task.

2. We need to know more about exactly what
determines when the eyes move in scene perception.

3. We need to develop models of scene percep-
tion and eye movements that have the type of preci-
sion that the models of eye movements during reading
have.

4. Experiments need to be done in which scenes
are presented in 3D. Recent technological advances
have certainly made this possible.

Visual Search

With respect to visual search, my guess is that
there will be considerably more research using eye
movement paradigms. 1 suspect that the following
points are appropriate ;

1. As with scene perception, we need to gel a
better handle on the perceptual span in visual
search.

2. We need to know more about exactly what
determines where the eyes move next and when they
move in visual search.

3. An interesting question in the field of visual
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search is; Does search have a memory? Although
many researchers have attempted to answer this ques-
tion without eye movement data, it seems obvious
that recording eye movements should quickly yield
answers to this question. Indeed, Klein and Ma-
clnnes'™’ | Peterson, Kramer, Wang, Irwin, and
McCarleym] , and McCarley, Wang, Kramer, Ir-
win, and Peterson'®’ have reported eye movement
data which show that there is memory during search
(so viewers dont go back to previously inspected i-
tems all that much). But, more work is needed on
this issue.

4. Although there are many sophisticated mod-
els of visual search, most of them do not include eye
movements. This lack needs to be remedied and
complete models of visual search that involve eye

movements are needed.
Other tasks

In the foregoing discussion, I have focused on
reading, scene perception, and visual search because
they are the most frequently studied domains. Howev-
er, there are a number of other tasks which have been
investigated via eye movement recordings. Perhaps the
most popular recent area of investigation has involved
recording eye movements in listening and speech pro-
duction tasks. With respect to listening, it has been
shown that people look at objects that are mentioned

(0411 8o, if a person is

in the current speech stream
listening to a story and the objects in the story are
pictured in front of them, they tend to look immedi-
ately at a given object when it is mentioned. Like-
wise, in speech production, people look longer at
objects that take longer to pronounce or which are
less frequent'®’. Studies using this so-called " visual
world paradigm" (in which the scene that is being
described is presented in front of the viewer and eye
movements are recorded ) are currently extremely
popular. Such studies have been aided by technologi-

cal advances which make it possible to efficiently re-

cord eye movements without fixing the head. This
type of research has clearly demonstrated that eye
movements are tightly linked to what is available in
the scene. However, the assumptions underlying the
visual world paradigm havent been examined as criti-
cally as some other areas.

In addition to listening and speech production,
eye movements have been examined recently in a
number of more dynamic tasks such as (1) looking
at print advertisements, (2) driving, (3) action se-
quences (such as making a sandwich or shooting a
basketball) , (4) problem solving tasks, (5) loo-
king at Web pages, and (6) virtual reality situa-
tions. The foregoing is not intended as an exhaustive
list of eye movement applications and there are un-
doubtedly others that could be listed.

Eye movements will not prove to be informative
in every situation. Earlier, 1 mentioned that many
types of memory processes may not be relevant for u-

sing eye movement data'®’ .

But, for many tasks,
particularly where knowing something about the tem-
poral sequence of processing is important, eye move-

ments should be quite valuable.
Future Directions

Clearly, there are lots of new applications for
eye movement research. In addition, given recent
technological advances, many eye trackers are now
cheaper and easier to use than earlier versions. How-
ever, there are always tradeoffs between the cost of
an eye-tracking system, ease of use, and accuracy of
the system. When doing the search involved with eye
movements one always has to keep these tradeoffs in
mind. The ready availability and ease of use of newer
eye-tracking systems means that, on the one hand,
more researchers will be studying aspects of behavior
using eye movements. On the other hand, the ready
availability of eye-trackers means that many people
who really dont understand eye movements will plug
trackers into the wall and start collecting data with
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them without a good sense of what to do with the re-
sulting data. My own advice to novice eye-trackers is
to spend time in a laboratory where the researchers
have had a lot of experience with eye-tracking data to
get a good sense of how to deal with the data. Al-
though there may be concerns about inappropriate use
of eye movement data, in general, the future looks

bright for research utilizing eye movement data.
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