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PREFACE

From June 10 through June 21, 1974, the National Institute of
Education sponsored a two-part conference on eye-movement research and
technology in Columbia, Maryland. The purpose of the first part of
the conference was to survey the current knowledge in the field of
eye-movement research about visual information processing in general
and reading in particular, and to suggest profitable directions for
future research addressed to both theoretical and applied issues.
The purpose of the second part of the conference was to assess the
current state of the technology for eye-movement research, to offer
suggestions for improvements in eye-movement instrumentation, and to
explore possibilities for more efficient data analysis procedures.

The core group for both parts of the conference consisted of:

Mary Carol Day, Harvard University
Edward DeAvila, Bilingual Children's Television

_Parbara N. Flagg, Harvard University
Samuel Y. Gibbon, Jr., Children's Television Workshop
John J. Geyer, Rutgers University
Marshall M. Haith, University of Denver
Julian Hochberg, Columbia University
Kenneth G. O'Bryan, The Ontario Institute for Studies in Education
Juan Pascual-Leone, York University
David Sheena, Whittaker Corporation
Sheldon H. White, Harvard University

Various representatives of the Essential Skills Program of NIE
participated from time to time during the conference. They included
Elizabeth Daoust, Donald Fisher, Monte Penney, Marshall S. Smith, Kaucy
Yanofsky, Ron Leslie, Timothy Hodapp, and William Ashcroft.

The conference was administered by Nero and Associates of Portland,
Oregor, under a contract with NIE. David Judd of Nero had principal
administrative responsibility. Carol Kolson assumed day to day admin-
istrative duties during the planning of the conference and during the
conference itself, and was in charge of all logistical arrangements.

The conference commissioned Laurence R. Young of M.I.T. and David
Sheena of Whittaker Corporation to write a paper reviewing the state
of the technology for eye-movement research to serve as a basis for
discussion during the part of the conference concerned with instrumen-
tation. This most useful document is appended to the report.

A total of 31 consultants contributed their ideas and recommenda-
tions to the conference -- 24 for the research sessions and 7 for the
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instrumentation discussion. Most of the research consultants submitted
briefing papers to the core group. Fourteen of the research consul-
tants also attended the conference for a day each to discuss their and
other suggesticns with the core group.

The list of contributing consultants follows:

Research Consultaats

*Dr., John S. Barlow
Massachusetts General Hospital

*Dr. Patricia A. Carpenter
Carnegie-Mellon University

Ms. Karen M. Cohen
University of Denver

*Dr. Roger N. Cooper
Stanford Research Institute

*Dr. Dennis F. Fisher
* U. S. Army Human Engineering Laboratory

*Dr. Lila Gleitman
University of Pennsylvania

*Dr. John T. Guthrie
John Kennedy Institute for the Habilitation of the Mentally and
Physically Handicapped

*Dr. Ralph N. Haber
University of Rochester

Dr. Paul A. Kolers
University of Toronto

*Dr. Jane Mackworth

*Dr. Norman H. Mackworth
Stanford University

*Dr. George McConkie
Cornell University

Dr. Frank J. McGuigan
Hollins College
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Dr. Ulric Neisser

Center for Advanced Study in Behavioral Sciences

Dr. Jum Nunnally
Vanderbilt University

Dr. David Otto
Epvironmental Protection Agency

Dr. S. Jay Samuels
University of Minnesota

Dr. Judah Schwartz
Massachusetts Institute of Technology

Dr. Lawrence Stark
University of California

*Dr. Richard L. Venezky
University of Wisconsin

*Dr. Stanley F. Wanat
University of California

Dr. William Wang
University of California

*Ms. Muriel Thompson Watkins
Harvard University

Mr. Thomas Wolf
Harvard University

Instrumentation Consultants

*Dr. Hewett Crane
Stanford Research Institute

*Dr. Derek H. Fender
California Institute of Technology

*Mr. Henry R. Jex
Systems Technology Inc.

*Dr, Alan Kay
Xerox Palo Alto Research Center

*M-. Robert H. Lambert
U. S. Army Human Engineering Laboratory
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*Dr. Richard A. Monty
U. S. Army Human Engineering Laboratory

*Dr. Laurence R. Young
Massachusetts Institute of Technology

Draft sections of this report were written by members of the core
group, working together at the conference and separately after the
conference ended. Their writings have been edited, but the conclusions
reached and the recommendations offered are those of the entire group.

*These ‘onsultants attended the conference sessions held in Columbia,
Maryland,
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FOREWORD

In the summer of 1972 a group of distinguished scientists convened
at Hyannis, Massachusetts, to design a program of research on reading
and the related language processes. The report of the Eyannis
meeting,! provided impetus for NIE's decision to declars a major
priority on reading.

During 1973 and 1974 NIE organized a series of meetings designed
to plan in greater detail some of the research initiatives suggested
by the Hyannis group. Emphasis was placed upon finding ways to iden-
tify research that could be helptul in explaining the cognitive pro-
cesses that enable people to comprehend what they read. The meeting
on Visual Information Processing (VIP), reported in the following
pages, was conducted in the belief that research on eye movements and
the cognitive processes they serve will continue to be a source of
valuable insights into the nature of reading comprehension.

Special thanks go to Samuel Y. Gibbon, Jr. for his leadership in
creating and conducting the planning project on visual information
processing. He performed the duties of chairperson with energy and
with attention to insuring that all points of view received fair and
thorough treatment. He was ably assis:ed by Mary Carol Day, by
Barbara Flagg, and by Nero and Associates, the firm that carried out
the organizational arrangements for the meetings.

On behalf of the Institute, we also gratefully acknowledge the
work of the participants in the Conference and all of the research
consultants who prepared briefing papers or presentations.

Perhaps the most appropriate expression of thanks NIE can make
to the many persons who have offered advice on visual information pro-
cessing is to take their advice seriously. Those of us who have been
working to formulate a strong NIE program of research on reading and
related issues have come to believe that as long as reading remains a
priority of the Institute, there should be an annual grants competition
for basic research that seeks to build scientifically adequate theories
about reading comprehension. We axpect that workers in visual

IMiller, George A. (ed.) Linguistic Communication: Perspectives
for Research. Newark, Delaware: International Reading Association,
1974, 45 pp.
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information processing, because of their long history of productivity,
will be prominently represented among the advisers, reviewers, and
grantees of such a competition.

Monte Penney

Marshall S. Smith

Learning Division

Basic Skills Group

National Institute of Education
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CHAPTER 1

INTRODUCTION AND GENERAL RECOMMENDATIONS FOR
EYE-MOVEMENT RESEARCH AND INSTRUMENTATION

Vision is the dominant sense in humans. The areas of the brain
devoted to the acquisition and processing of visual information are
larger than the areas concerned with information from any other of
the senses. The retina of the eye, unlike any other sensory receptor,
is composed of brain tissue; it is a part of the ceutral nervous
system. The eye enjoys a favored role as principal sensory advisor
to the brain.

Not unreasonably, then, communication between humans makes
frequent and heavy use of the visual channel. As human society has
advanced, the quantity, complexity, and importance of visual messages
have increased geometrically. Skill in reading printed language and
skill in "reading" still and moving pictures have become requisites
for social survival.

Remarkably little is known about how visual information is
received, processed, stored and retrieved. What is known about the
structure and functicning of the human eye suggests that despite its
importance, it is a curiously limited receptor of visual information.
Only a tiny, roughly central area of the retina called the fovea is
capable of resolving images with a high degree of acuity. The sur-
rounding retinal periphery falls off sharply in acuity with increasing
distance outward. Yet this narrowly tunneled receptor is the principal
supplier of sensory information to the brain.

In order for the btrain to receive detailed information about the
visual environment, the eyes must be made to jump about the field of
view so that successive images of small portions of the environment
may fall upon the foven The jumps, called saccades, are exceedingly
rapid. The pauses for foveation of the image, called fixations, are
brief. Somehow, marvelously, from these small samplings of the
visually available environment there is comstructed and maintained in
the mind a stable image, rich in meaning, of the external world.

If the image-receptive powers of the eye are limited, the richness
of visual information must result from the analyses and integrations
performed by the brain on the miserly parcels of data celivered to it
by the eye. Furthermore, the brain must direct the eye to sample the
environment with maximal economy for maximal information; successive
fixations must provide the train with the information it requires from
moment to moment. The brain tells the eye where to look and what to
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look for. Direct cbservation of the operation of the human brain is
possible only in conditions of pathological extremity where surgical
intervention is required. Even then the neural explorations of the
scientist reveal little of the hidden recesses of thought. Because
of the intimate real-time coanection between the behavior of the
looking eye and the higher cognitive processes which both guide that
behavior and are in turn informed by it, observation of the movements
of the eye permits powerful inferences to be drawa about the workings
of the mind.

Reading printed messages is among the most complex of human
activities, involving the extraction of language from graphic symbols
and the extrsction of meaning from language. "Reading" still and
moving pictures organized for communication is perhaps as complex and
certainly less diligently investigated. The behavior of the eye in
response to visual messages merits fine and devoted observation.

In this chapter we offer three general recommendations and
discussions to support them. Sectjon I recommends that NIE support
eye-movement research on the acquigition and processing of information
from the visual media of printed text, pictures and other static
graphic displays and television. Section II suggests that such
research will be maximally useful if it is guided and organized by
theoretical conceptions and recommends that NIE support the development
of such conceptions. Section III argues the need for adequate instru-
mentation in order tc collect the accurate data which can confirm or
refine theory; NIE is urged to support the dissemination of improved
technology.

Subsequent chapters propose more specific recommendations
deriving from and elaborating upon these general recommeidations. The
recommendations in chapter 3 relate explicitly to the general recommen~
dation offered in section I and, implicitly, to the general recommenda-
tion in section II. Chapter 4 sets forth detailed suggestions for the
types of instrumentation needed to fu1fill the recommendation in
section III and suggests ways of managing its dissemination and use.
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I. RESEARCH

RECOMMENDGATION: The NIE should establish and maintain support of

research directed toward the study of eye-movements,
scanning, orienting-investigatory behavior and visual
information-processing. Such research should be
addressed particularly to exploring the acquisition
and processing of information from the visual media
of printed text, pictures and other static displays,
and television.

Consultants coming before the conference, and the considerable
body of research work reviewed by the panel, all tended to suggest that
there is at present a significant growth of research on visual scanning
and search processes. This work proceeds forward under a variety of
labels (e.g., eye-movements, scarning, vigilance, search patterns,
orienting behavior, orienting-investigatory behavior, attention, etc.).
There are distinct, somewhat segmented zones of research work. No one
theoretical conception guides the work but, rather, a variety of
theories or models exist. Nevertheless, the growth of this body of
work is deeply tied to theoretical considerations. The trend of contem-
porary theorizing in psychology and the neurosciences makes this kind
of work desirable and inevitable.

The important trend in analytic work today is toward what one
might call a "developmental" or "dynamic" or "real-time" analysis of
cognition. Until quite recently, theorizing about learning, motivation,
or human ability was aiways cast in terms of static or timeless
elements -- as, for example, the numerous trait models of human intel-
lect or personality. The present trend is toward systems that portray
perception and cognition as a matter of assembly or construction of
meaning over real time. In such systems, individual differences emerge
as cognitive "controls" or "styles," the differences reflected in the
models as heterogeneous biases in assembly or constructional processes.

This kind of analysis of the temporally integrative processes in
cognition is now manifest on two time-scales, both of some significant
interest to the NIE. One might see these two time-scales related as
physics is to geology.

One sector, the ''physics" of the study of cognitive construction,
is that body of work that is now conventionally referred to as the
study of information-processing. It is an analysis of the organization
of perception and it involves study and inference about events on a
time scale ranging from microser - s to tens of seconds. This kind of
analysis seems important for fur._.ier examination of the tactics of
education. It allows one to study in some detail the real-time pro-
cesses that maintain or disrupt the child's engagement with ongoing
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classroom processes. It is at this level of analysis that one may seek
to find optimizations of techniques, media, and teacher approaches to
children.

The other sector, the '"geology" of the study of cognitive con-
struction, is that body of work that is now conventionally referred to’
as the study of cognitive development, in particular the kinds of
analysis associated with Piaget, Werner, and Bowlby. This is an
analysis of the organization of meaning-systems and affect-systems in
children over a time scale of months and years. This kind of analysis
seems important for further examination of the strategies of education.
The strategies of education cannot be developed solely through the
elaboration of an analysis of the child and his development, because
what education does rests as much upon societal considerations as it
does upon considerations of cognitive development per se. But it seems
abundantly reasonable that the efficacies and inefficacies of education
in conducting its social mission depend upon present unknrowns with
respect to the processes and possibilities of cognitive development in
children.

The work of these two sectors, the '"physics" of information-pro-
cessing and the '"geology" of cognitive development, has led to a
significant convergence. Many influential contemporary theories regard
scanning or search patterns as a kind of kernel of stored meaning. As
one identifies unique objects and relations in experience by means of
unique action systems, it is the stored programs for such action that
constitute the basis for memory or knowledge. Recent technological
developments have made possible the elaboration of this theoretical
position. At the information-processing level, the work of Liberman
and the Haskins Laboratory group favors thie kind of interpretation of
auditory recognition; the work of Neisser and Sperling argues for it in
visual recognition. At the level of cognitive development, the work of
both the Russians (Zaporozhets, Leontiev, Luria) and of Piaget has
tended more and more to recognize the child's actions and action
systems as the basis for his construction of reality.

These theoretical developments have tended to give research on
scanning, on forms of active encounter with experience, a more and
more central place in current research on cognition. It seems important
now to transpose educational analysis and educational thinking toward
such a research basis. 1Indeed, one can argue that most of the more
significant new writing about the processes of education seems signi-
ficant precisely because it begins this transposition.

Seeing has traditionally been separated from acting, and knowing
from acting. At the heart of current theory is the understanding that
seeing is a form of acting. The most conspicuous of the acts of seeing
are the movements and fixations of the eyes by which we successively
bring into regard and attention selected pieces of the world. Through
analysis and integration of these successive brief and narrow views we
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construct pictures and patterns of reality. Especially is this true in
encounters with visual messages. It is one thing to scan a picture;

it is another to read a pairagraph of text. Yet, in both cases a com-
plex time sequence of actions is fundamental to understanding -- to
knowing -- what is given. Eye-behavior is among the most highly
observable components of the temporal construction of meaning.

Central to the issue of reading is the problem of knowing. To
comprehend text is to come to know through reading. Recent research has
explored in more and more sophisticated ways the complex relation
between sequences of eye-movements and vicissitudes and quirks in the
reader's understanding of logical, grammatical and conceptual relation-
ships offered to him in text. It has become abundantly clear that if
we want to know more about comprehending, we must know more about the
successive acts with which the construction of comprehension begins
and by means of which it proceeds; and we must observe sustained
sequences of those acts as they are performed on extended passages to
be comprehended. No other existing technique compares with eye-movement
study as a direct, efficient, clear means by which we can observe the
nature, order and duration of those acts as they are performed.

There is good reason to believe that there are age differences in
eye-movement patterns. There is good reason to believe that there are
individual differences, originating in both the style and the intellec-
tual structure of the reader. We must, then, be prepared to make
increasingly close-grained and far-reaching studies of the eye-movements
of readers in order to clarify the knowns and penetrate the unknowns of
reading comprehension.

The importance of reading in schools lies in the fact that text
has been the predominant device by which men's minds are brought into
convergence on facts and ideas. Our complex social system is built on
shared thought. That is why our system depends upon schools. Taking
a larger view, and one that is not futuristic, we must now recognize
that our society increasingly shares facts #nd ideas through pictures
and television. In ways different from text, these media advance
sharing and cooperation in thought in our society. The NIE's respon-
sibility is not simply to reading, but to the issue which reading
represents, which is the construction of an e pluribus unum of thought.
We face the same issue with the new media: eye-movements bound into
temporally organized succession, age differences, individual differences,
all registered in dynamie configurations of acts of seeing. Eye-movement
research is no less vital to understanding this kind of comprehension;
and it is in the interest of NIE to advance all these forms of compre-
hension through the advancement of scientific acts by which science
may see and know them.
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I1. THEORY

RECOMMENDATION: The NIE should encourage and support attempts to set
forth theories, models, or simulations of information-
processing as it occurs in responses to text, pictures
and television.

A theme reiterated repeatedly by those coming before the conference
was the need for good theories of skilled reading. There was wide
general agreement that there exists today no complete, coherent and
exhaustive theoretical understanding of how people read, this despite
some genuinely hopeful beginning made during the past decade. Until
such theoretical work advances to a level of predictive adequacy,
research will continue to be fragmented and beset with hidden defini-
tional difficulties; and instructional practice will continue to be
limited to the stumbling trial. and error methods of the past.

The reading process had been a major subject for research in
American and European psychology during the period prior to World War I.
With the rise of Behaviorism, however, the mainstream of American
psychology was diverted from the study of cognition to learning, from
human to animal experimentation, and from purposive to mechanistic
explanation. Until the very recent past, and to a considerable extent
today, the ideas which guide much programmatic research and development
in reading, and which underlie the teaching methods of hundreds of
thousands of classroom teachers include conceptualizations of the
reading process which are the product of Victorian scientific study in
a field then in its infancy. It is a measure of the inadequate
development of reading theory that Huey's 1908 work on the psychology
of reading is far from outdated.

During the past decade there uas been a resurgence of interest in
theoretical questions about cognition. Present theoretization is
notably stronger than that which preceded it. The formal models of
mathemarical learning theory are more precisely formulated and more
rigorous in prediction, the informal models of Neisser and.Piaget more
intuitively plausible and more general in their implications. Computer
simulation and artificial intelligence have emerged as a kind of break-
through in model-building; the technology both permits and demands more
careful and elaborate theoretical analysis than has ever before been
possible. Finally, the development of the neurosciences has progressed
to the point where they are helpfully prescriptive to the psychologist;
and the earlier view that psychology and physiology had little to say
to each other is clearly untenable today.

As cognitive theory in general has strengthened and become more

interdisciplinary, interest in theoretical questiors about the cognitive
processes in reading has reawakened. In part this reawakened interest
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has been forced upon the field by an explosion of information bearing
upon the reading act which has occurred in a number of diverse fields,
and which can no longer be contained within the bounds of tight special-
izations. The very extent of overlap found among previously discrete
areas of study has required integrations at finer levels of detail

and higher levels of abstraction; for the commonalities discovered

have been not merely in the problems studied but in the general
principles governing phenomena. For example, a mutual interest in how
patterns are recognized has brought together scholars from such diverse
fields as neurophysiology, psychology, computer science, and engineering
to produce work with clear relevance to an understanding of some aspects
of reading.

Theoretical work ought also to be encouraged toward understanding
how people look at and process information from pictures and other
static graphic displays of varying degrees of abstractness.

Most notable by its absence is an articulated theory of any kind
about the acquisition and processing of information from television.
Carpenter and McLuhan have not been taken as seriously as they should
have been, but it remains for their notions to be expressed in language
that makes them accessible to perceptual and cognitive scientists.

And there is surely ample room for other theoretical positions to be

taken. Any theories, even nascent partial theoretical thinking, about
how information is processed from television would have relevance for
the use of the medium for instructional purposes, anc¢ could contibute
immediately and substantially to the improvement of such applications.

There is a kind of cultural or diffusional leg between psychology
and education. Too little of the current theoretical activities of
cognitive psychology have yet been carried into educational research
and practice. Sooner or later, of course, the diffusion will take
place but it is in the interest of education that it be strengthened
and facilitated. The NIE could and should play a leading role in this
process by encouraging theoretical work and i%s responsible application
to practice. As a first essential we must know more about the cognitive
processes involved in skilled reading and other visual information-
processing tasks. Secondly, we must know how these processes develop
and how this development is influenced by social, cultural, and
educational factors. These are massive questions calling for careful
long-term research and development. The experience of the past decade
suggests, however, that they are feasible goals. While final answers
may require decades of work, the payoff in terms of viable practical
ideas would accrue incrementally and has already been significant. At
any rate, this type of theoreiical work is our best hope for sources of
ideas for genuine, significant educational change and should be fully
encouraged.
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III. INSTRUMENTATION

RECOMMENDATION: The NIE should encourage and support the dissemination
of technology for eye-movement research, for computer-
ized data analysis and for theoretical work. The NIE
should support the dissemination of related technolo-
gies: tachistoscopes, psychophysiological instrumen-
tation, auditory signal-processing technology, and
computer animation and experimental television. The
NIE should support the further development of these
technologies.

Not all the reasons for research work and research traditions are
noble, theoretical, or ideological. There is an inexorable practicality
about research work that is so obvious that it is usually dismissed or
ignored in programmatic writings. One works with what one has or with
what one can quickly get. If one chooses to work in a problem-centered
way, choosing methods to fit problems rather than problems to fit
methods, one still finds important constraints related to methods.

This seems well illustrated by the history of eye-movement
studies in the U.S. The potential significance of eye-movement research
was recognized early in this country. A significant body of research
was collected. The work was of considerable interest, but it never
proliferated and became widely established -- as did, for example, work
with the memory drum, paper and pencil testing, or various kinds of
experimental studies of learning. One might suggest that this kind of
growth pattern in research was fixed in part by shortages of technology
and in part by the undercapitalization of laboratories devoted to
psychological and educational inquiry.

One of the reasons why there seems now to be a resurgence of work
on eye~movements is probably the gradual solution of these practical
obstacles. Research on eye-movements has been made significantly
easier by newer instrumentation and by the introduction of capabilities
for on-line data processing. The development of this newer instrumenta-
tion has been made possible in part by technological development, the
emergence of smaller and cheaper computers, but also by the willingness
of sponsors of eye-movement research to underwrite the development of
instrumentation.

Many of those who came to address this conference came from active
work on eye-movements in laboratories that, from the perspective of
psychology and education, could fairly be regarded as high-technology
centers. To some extent the lead-lag relationship between their work
and the great body of the '"normal science'" that surrounds it is fixed
by the availability of technology.
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There is today a growing aversion to method-centered research and
method-centered thinking about research. There is, as well,:some
suspicion of gadgetry as a kind of diversionary hobby within'the
research community. In its earliest announcement of support for basic
research, for example, the NIE specifically disavowed any wiilingness
to fund the development: of instrumentation. However, there may be a
baby in the bathwater. By explicitly discouraging methods-centered
research, one can implicitly encourage a kind of negative form of the
problem.

It seems likely today that the general body of research on infor-
mation-processing, reading, signal-processing, and cognition would be
aided in important respects by the wider availability of more precise
and more powerful instrumentation. The yield would be more precise
research, more ambitious programs of real-time data collection, and
increased capabilities for computerized data-processing. Linkages
could be sought between scanning, cognitive analysis, and psychophysiology.

This kind of technological development would not solve all the
problems of reading or educational research, by any means, and it would
undoubtedly introduce a good number of predictable problems. Set
against it, one has counterexamples -- e.g., Piaget or Lorenz -- where
large scientific advances have been built upon barehanded research
methods. Nevertheless, a significant trend in American research work --
the trend of Sperry, Simon, Liberman, Neisser, Posner, etc. - rests
upon technological refinements and it seems likely that that trend
cannot be forrwative for educational research unless significant
provision can be provided for a counterpart technological base within
educational research.
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CHAPTER 2

SUMMARY OF SPECIFIC RECOMMENDATIONS

Chapter 1 presents general recommendations to the effect that NIE
should foster research, theory-building, and improved instrumentation
in the field of visual information processing. The more specific
recommendations of the VIP planning group are presented in four clusters
below. A page number reference appears at the end of each recommenda-
tion to aid in locating the relevant discussion in the report.

A. READING TEXTS, PICTURES, AND OTHER GRAPHIC DISPLAYS

RECOMMENDATION: The NIE should support the exploration of moment-to-

moment information intake and processing mechanisms
involved in the encounter of the child or adult with
text, pictures and graphic displays. This is a
research priority for which eye-movement technology is
a sine qua non. The general needs are: (l) to record
time sequences of moves (saccades) and stops (fixa-
tions) of the eyes as well as the point of fixation
during stops as the subject confronts visual material;
and (2) subsequently to relate this pattern of scanning
to (a) theoretical conceptions about the operation and
development of assimilatory mechanisms; and (b) to
short-term memory and/or processing, and the elabora-
tion of knowledge. (p. 3-3)

More specifically, the NIE should:

(1) Support research exploring the size of the perceptual
span during a fixation as a function of the skill and developmental
levels of the reader, the characteristics of the text, and the levels
of certainty required by the task. (p. 3-4)

(2) Support investigation of the allocation of attention
within the stationary field of fixation and the temporal distribution
of information intake during fixation. (p. 3-7)

(3) Support research on the peripheral visual and cognitive

controls over the timing and extent of a saccade. What guides and
directs an individual's eye-movements? (p. 3-10)
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. .(4) Support research that tests the generality and boundary
conditions of the proposition thst where the eye looks at any moment
reflects.the item of information that is of particular importance in
cognitive processing at that moment. {p. 3-13)

(5) Support research which examines the orchestration of
saccades as a function of the goal and state of the reader. (p. 3-15)

(6) Support research which explores the nature, duration
and sequence of the component processes involved in reading and the
integration of these component processes. (p. 3-17)

(7)  Support research which explores the encoding and
construction of the message as a function of the knowledge system of
the reader and the linguistic and semantic characteristics of the text.
(p. 3-20)

(8) Not support the wide-scale use of eye-movement data
as a diagnostic indicator of reading deficiency given our current
knowledge base. (p. 3-22)

(9) Support studies which examine the factors in text
which facilitate the initiation, maintenance and direction of active
looking and facilitate learning or message retrieval. (p. 3-23)

(10)  Support research which explores the effect of age on
the acquisition and use of visual information presented in pictures
and graphic displays. (p. 3-26)

(11) Support research exploring the optimal use of illus-
trations and text in combination. (p. 3-28)

(12) Support resesrch directed towards the assessment of
verbal comprehension. (p. 3-29)

B. PROCESSING TELEVISION DISPLAYS

RECOMMENDATION: The NIE should support the exploration of moment-to-

moment information intake and processing mechanisms
involved in the encounter of the child or adult with
television. This is a research priority of highest
order, for which eye-movement technology is a sine
qua non. The general needs are: (1) to record the
sequential behavior of the eyes (saccades, fixations
and smooth pursuit) as well as the point of regard of
the subjects' eyes on the televised display; and (2)
subsequently to relate this pattern of eye behavior
(a) to moment-to-moment analyses of the dynamic
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stimulus and (b) to theoretical conceptions about
the operation and development of assimilitory
mechanisms, short-term memory and/or processing, and
the elaboration of knowiedge. (p. 3-31)

More specifically, the NIE should:

(1) Support the articulation of theoretical analyses of the
elements of the television code and the structural rules by which those
elements are temporally and spatially combined, and research to test
and refine these analyses. (p. 3-33)

(2) Support eye-movement research that explores the moment
by moment relations between the special structural properties of
television and the perceptual, cognitive and affective processes of
the viewer. Such research should consider these relations as a function
of the age, knowledge, skil.!, purposes and cognitive style of the viewer.
NIE should bte prepared to support, as a part of this research, smail-
scale experimeatal production of television and film material and the
design and production of computer animation that allows on-line modifi-
cation of the stimulus while the viewer is watching it. (p. 3-37)

(3) Support research that explores the limits of television's
intrinsic power to instruct, to model cognitive processes and to aid in
the construction of mental representations. Such research should
exanine the instructional effects with respect to the characteristics
of viewers. Small-scale experimental production should be supported.

NIE should encourage research that relates to and advances theories
of instructional television. (p. 3-41)

(4) Support research that explores the limits of television's,
power to teach and to motivate reading. Small-scale experimental
production should be supported. (p. 3-45)

(5) Support research that (1) investigates the moment-to-
moment intake and processing of information from television by very
young children, adult illiterates and speakers of language and dialec:ts
other than standard English, and (2) explores other potential inforua-
tional and instructional uses of the medium to inform and teach these
populations. (p. 3-48)

C. OTHER APPLICATIONS OF EYE-MOVEMENT RESEARCH

RECOMMENDATION: The NIE should support research which employs eye-

movement recording to explore psychological states and
processes not limited to those involved in reading,
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picture scanning, and television viewing. This
recommendation is based upon the assumption that
knowledge relevant to such specialized processes as
those involved in reading can eventuate from research
which addresses more general issues in cognitive and
psycho-motor development.

More specifically the NIE should:

(1) Support developmental studies which chart the capability
of the visual control systems of children of different ages. (p. 3-54)

(2) Support research which explores the relation between
cognitive development and the intake and use of visual information.

(3) Support studies of individual differences in the intake
and use of visual information that may relate to educability. (p.3-57)

(4) Support eye-movement research which explores steps in
problem solving and variations in those steps as a function of indivi~
dual or group differences (e.g., age, cognitive style). (p. 3-59)

D. INSTRUMENTATION AND INSTRUMENTALITIES

RECOMMENDATION: The NIE should develop its own capacity and that of:
the field to stimulate research in visual information
processing.

More specifically the NIE should:

(1) Establish a study panel to: (1) encourage and evaluate
field-initiated research that uses eye-movement (or simulated eye-move-
ments) to study and assess essential skills in reading and comprehension,
picture scanning, and television viewing; (2) assign and periodically
revise research priorities in the area; and (3) supervise the develop-
ment and dissemination of needed instrumentation. (p. 4-3)

(2) Invite and support, the study panel should oversee,
replications of existing studies to determine the extent to which the
eye-movement behaviors observed in the original studies are specific to
the particular laboratory setting and not representative of normal
behavior. (p. 4-4)
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(3) Invite and support specific research and developwent of
instrumentation to improve the ease, efficiency and validity of eye-
movement research. This research and development shuuld be addressed
both to the development of new instruments and to the improvement of
existing instruments. (p. 4-6)

(4) Support, and the study panel should oversee, the
dissemination of eye-movement instruments and related technology,
and the establishment of facilities which increase the ease, accessi-
bility and efficiency of eye-movement research on reading, the scanning
of pictures and graphic displays and television viewing. (p. 4-9)
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CHAPTER 3

SPECIFIC RECOMMENDATIONS .FOR
DIRECTIONS IN EYE-MOVEMENT RESEARCH

The recommendations for research set forth below derive from and
expand upon the first general recommendation made in Chapter 1l: that
the NIE should establish and maintain a program of research in eye-
movements and visual information processing. Beyond the merits of the
suggested topics for research, it is hoped that this chapter will be
persuasive of two general points: first, that eye-movement research
can be of unique value in testing and refining theories and models of
reading and visual information processing; and second, that the data
acquired in empirical studies such as those proposed below will encour-
age, indeed perhaps require, the development of new theoretical models.

The research recommendations that follow should not be regarded
as exhaustive, or preemptive of field-initiated proposals for research
which have not been recommended here. Rather, these recommendations
should be taken as illustrative of the important substantive questions
that can be addressed using eye-movement technology. As better
theories and models of reading and visual information processing are
developed, better research questions will be asked; and NIE's program
of eye-movement research should remain flexible enough to meet the
changing needs of the field.

This chapter is divided into three main sections. Section I
recommends eye-movement research that explores the moment-to-moment
information intake and processing mechanisms involved in the encounter
of the child or adult with text, pictures, and other static graphic
displays. Section II suggests research that explores the intake and
processing of dynamic visual information as it is received from tele-
vision. Section III argues the general value of eye-movement research,
using a variety of static and dynamic stimuli, for the investigation
of such psychological issues as cognitive development, individual
differences, and the development of problem solving strategies. In
all three sections it will be seen that the research recommended ranges
from basic inquiry about human systems of perception and cognition to
studies applied to the improvement of instructional materials.

The acquisition and processing of information from visual material
organized for communication is a complex purposeful activity, pursued
for reasons that are as complex and subtle as those that occasion any
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rcal-life activity, and conditioned by all the rich differences that
we expect to find between individuals, age groups, and cultures.

However, there are certain characteristics of the visuomotor system
which are common across individuals.l

The eyes of the alert person are in constant motion, During
reading and during the viewing of other gtatic displays, the eyes move
in fast jumps called saccades, The stopping periods between the moves
are called fixations. In reading and in saccadic viewing generally,
well over ninety percent of the time is spent with the eyes fixated.
Since little or no useful vision occurs while the eyes are in saccadic
motion, almost all visual information is extracted during fixations.

As a pergon views a picture or reads along a line of print from
left to right and down the page, his eyes jump from position to posi-
tion stopping or fixating ai each position from one-tenth of a second
to a full second, with an average fixatior duration of 250 msec.
During a fixation, some information in the center of the field of view
will be seen ciearly, while surrounding mnaterial will be less clear.
The visual area in clear focus is imaged on the fovea, a small central
area of the retina which can resolve fine detail. The fovea subtends
a visual angle of approximately 1° (adler, 1965). Visual acuity drops
off rapidly and continuously in the area outside the fovea, the
peripheral retina or gerighegz.z The drop~off rato in visual acuity
for adults is under debate (Kerr, 1971); recent results indicate that
peripheral acuity has been underestimated and that an individual is
more sensitive to peripheral input than had been previously thought.
It is somewhat remarkable to note, however, that no reliable data
exist on developmental changes in peripheral acuity; this information

is crucial to consideration of the beginning reader or young viewer
(see section IIT, below).

Traditionally, research on vision has emphasized the impor.ance
for visual iaformation processing of the structural difference between
the fovea and the periphery. Recently, however, some researchers have
emphasized a complementary consideration of the visual field invoking
attentional factors (i.e., focal attention, centration) as also playing
2 major role in visual information processing. (Research based on
each of these perspectives will be considered in section I. A, 1.)

1A more detailed discussion of the movements of the eye can be
found in the Appendix, Survey of Eye Movement Recording Methods.

21t must be noted that a not-well-defined midstage between the

foveal and peripheral retinal regions has been proposed, the parafovea;
however, for simplicity, this report will restrict its terminology to
foveal and peripheral vision.
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I. READING TEXTS, PICTURES, AND GRAPHIC DISPLAYS

RECOMMENDATION: The NIE should support the exploration of moment-to-
moment information intake and processing mechanisms
involved in the encounter of the child or adult with
text, pictures, and graphic displays. This is a
research priority for which eye-movement technology
is 2 sine qua non. The general needs are: (1) to
record time sequences of moves (saccades) and stops
(fixations) of the eyes as well as the point of
fixation during stops as the subject confronts visual
material; and (2) subsequently to relate this pattern
of scanning to (a) theoretical conceptions about the
operation and development of assimilatory mechanisms;
and (b) to short-term memory and/or processing, and
the elaboration of knowledge.

Eye-movement behavior is a directly observable, real-time, con-
tinuous variable which allows moment-to-moment estimations of the
acquisition of visual information. Moreover, as argued above in
Chapter 1, the pattern of stops and moves of the eyes reflects cogni-
tive processes. Eye-movement recording, however, is not the usual
method chosen from the variety of experimental techniques and instru-
mentation available to the researcher interested in visual information
processing. Generally, the techniques used are designed to eliminate
the effects of muitiple fixations through tachistoscopic or fixed
retinal image procedures. The results of this experimentation, while
often precise, are difficult to extend to the normal, on-going visual
processes of reading or picture scamning. Recently developed equip-
ment which combines tachistoscopic and eye-movement monitoring capa-
bilities (cf. McConkie and Rayner, 1973a, 1973b) provides a sophisti-
cated instrumental base for urderstanding the processes underlying
the orchestration of stops and moves of the eyes.

In this section, eye-movement behavior in response to text is
considered separately from scanning of pictures and other graphic
displays. Although the processing of both text and pictures draws
on the same visuomotor systems and both cases involve purposeful
behavior toward static stimuli, the nature of the stimuli and tasks
are such that separate consideration is desirable. The reading task
introduces a linguistic component not present in the visual scanning
of pictures and also requires that eye-movements accommodate to a
particular spatial arrangement of the stimulus (e.g., left-right, top-
bottom). The more extensive discussion of eye-movement research in
reading in part reflects the heavier emphasis given that topic during
the conference. :
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Moreover, except where clearly inappropriate, the specific
recommendations made in the text section concerning moment-~to-moment
information intake and processing apply similarly to pintorial
material.

A. TEXT

The following section divides the discussion of eye-movement
behavior in response to text into three parts: section 1, Considering
Stops, suggests the need for research on the amount and type of infor-
mation a reader may acquire during a single fixation on a line of text;
section 2, Considering Moves examines the factors which may influence
the timing and targeting of saccadic movement of the eyes within
textual material; section 3, Considering the Orchestration of Stops
and Moves, explores the purposeful application of the visual system
to the retrieval of meaning from extended text.

1. Considering Stops

RECOMMENDATION: The NIE should support research exploring the size of
the perceptual span during a fixation as a function
of the skill and developmental levels of the reader,
the characteristics of the text, and the levels of
certainty required by the task.

Despite the fact that the retina subtends a rather large visual
angle, when a viewer fixates on a display he does not process all the
information available within that angle. Very little is known about
the size of the area from which a reader obtains visual information
Jduring a fixation; that is,little is known about a reader's perceptual
span. It is thought that this perceptual span is not static but may
vary in size as a function of different factors such as reading skill,
text characteristics, and levels of certainty required by the task, but
there is limited empirical information related to this matter. 1In
addition, little is known about what type of information an individual
acquires within his perceptual span.

Recent research (McConkie and Rayner, 1973a, 1973b; Rayner, 1974)
indicates that the skilled reader uses different classes of information
at various locations within the perceptual span. Rayner (1974) reports
that a skilled reader can make semantic interpretations for words
within 1-6 character spaces of his fixation point (1-2° of visual
angle). Furthermore, general word shape and the initial and final
letters of a word may be detected up to 12-18 character spaces from
the reader's fixation point (3-5° of visual angle). McConkie and
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Rayner (1973a) found also that word length information was available
to the reader inside 12-15 characters from the fixation point. Thus,
there appear to be several levels of recognition available within the
same fixation.

This pioneering research was conducted with inncvative instrumen-
tation which allows alteration of the text as a function of the subject's
eye-movements. A printed passage is displayed on a cathode-ray tube;
as the subject reads the passage, an on-line computer is used to alter
the text available to his peripheral vision. Thus, in each fixation
a small "window" of unaltered text is presented to the fovea, but the
text presented to the periphery of the retina is systematically altered.
A great number of previously unanswerable questions about perceptual
span can now be considered with this new technology.

Perceptual Span as a Function of Skill and Developmental Levels of the
Reader

An important research question to consider is whether the size of
the perceptual span is in part a function of the unit of recognition
the reader uses. This "unit" is ill-definad at present but essentially
refers to the level of detail at which the reader is sampling the text
during the reading act. Presumably, the "unit" increases with increased
reading skill. For the beginning reader, the typical unit of recogni-
tion is probably a set of distinctive features or the letter. As he
learns to read, all of the beginning reader's attention and processing
capacity may be addressed first to identifying lecters; gradually, with
practice, letter recognition becomes automatic and a higher-order umnit
code may be used -- spelling patterns, words, word groups. The skilled
reader often recognizes words of many letters in a single fixation
(with no eye movements being performed to bring different letters to
the center of the fovea).

Does the ability to pick up information in the visual periphery
change as a function of one's level of reading skill? Does the auto-
matization or elimination of smaller unit processing (i.e., features,
letters) or the usage of higher-order unit codes (i.e., spelling pat-
terns, words) increase the perceptual span from which the reader can °
make semantic interpretations? Does the time and attention expended by
the unskilled reader in processing foveated "units" restrict the per-
ceptual span and preclude peripheral pickup of grosser text charac~
teristics? Does the speed reader utilize an expanded perceptual span
or is he simply better at constructing meaning from fewer bits of infor-
mation? Basic research is necessary on changes in the size of the
perceptual span and what information is available and used from the
periphery as a function of increasing reading skill.

In the above discussion of the perceptual span in relation to skill
of a reader, it was assumed that a beginning reader could be an adult
as well as a child. 1If we consider children in particular, there are
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several ways in which developmental changes might affect the size of
the perceptual span and the use of information within the span (see
also section III, A). Possible research questions include the following:
Does peripheral acuity develop with age? If so, how does this develop-~
ment affect the child's perceptual span in reading? Does the span vary
with developmental changes in linguistic knowledge? Does limited atten-
tional capacity or "processing space" restrict the number of information
"units" the child can process within one fixation (Pascual-Leone, 1970)7?
D.es the attention or space required for handling foveated stimuli limit
the child's ability to pick up peripheral information?

Perceptual Span as a Function of the Characteristics of the Text

On occasjon the skilled reader will meet words he has never seen
before and may be required to fixate on individual letters or letter
combinations as a beginning reader does. When the reader comes to words
that he does not recognize, multiple fixations are made among the inter-
nal letters; we do not know how these eye-movements aid the recognition
process, but they do serve as an indication of the difficulty of the
text for an individual reader. The point to be made here is that during
continuous reading even the skilled reader processes text at varying
levels of analysis and with different unit codes.

Thus, the perceptual span is not dependent upon reading skill alone
but probably varies also In the skilled reader with difficulty of the
material to be read. Research using computer-controlled CRT displays
might consider the influence of various text characteristics on the per-
ceptual span. For example, do grammatical constraints, the predict-
ability or redundancy of the text, and the complexity or density of
text (i.e., lexical, linguistic, logical) affect the span? How does
print size and/or word or "unit" spacing affect the perceptual span?

Perceptual Span as a Function of the Levels of Certainty Required by
the Task

The demands of the reading task probably also affect the reader's
perceptual span. Different tasks place differeni demands on the cer-
tainty with which the reader must identify specific letters or words.
Proof reading or checking for spelling errors lies at one extreme of
the certainty continuum and skimming a long passage for a general idea
at the other extreme. Does the perceptual span of the accomplished
reader vary in accordance with the demands of the task? Does the span
of the skilled reader contract for studying technical materials and
expand when he is skimming? What classes of peripheral information
are picked up under skimming conditions? Under what conditions can or
does the poor reader vary his perceptual span? Will he pick up more
information farther out in his peripheral vision if he is familiar with
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the subject matter and language of the text? (Further discussion of
the effect of familiarity of the text can be found in section 3 below).
Can flexibility be trained? Given no decrease in comprehension, eye-
movements could be used as indices of the success or failure of such
training.

RECOMMENDATION: The NIE should support investigation of the allocation

of attention within the stationary field of fixation
and the temporal distribution of information intake
during fixation.

Until very recently the psychology of visual pérception assumed
that the visual system operates passively given adequate illumination
of the retina. That is, it was assumed that input in vision occurs
continuously and that all parts of the stationary visual field are
processed instantaneously and simultaneously. While there is now much
psychological and neurological evidence that this eye-as-a-camera assump-
tion is nnt correct, there is as yet little agreement as to what pro-
cesses do occur. It is certain that the visual processes are several
and complex, and the evidence available indicates that vision is much
more active and intentional than previously assumed. Some of these
processes are of fundamental importance to our understanding of visual
information processing as well as to disabilities and dysfunctions
which affect reading ability.

Foveal Information Versus Focal Attention or Centratien

The retina of the eye is classically divided into two gross areas:
the fovea and the periphery. It is sometimes held that in common with
these structural differences the visual processes are optically fixed
so that the information falling on the fovea is thoroughly processed
while the information falling upon the periphery can only be crudely,
"preattentively" processed. This view is now known to be oversimpli-
fied. The structural and functional distinctions between the more
sensitive central area of the retina and its surround and the complexi-
ties of the processes involved do not support a simple dichotomy into
two systems. The peripheral areas have been found to be more sensitive
than previously believed. Most importantly, perhaps, the evidence now
appears uncontrovertible that focal attention is not fixed by the struc-
ture of the eye but can be directed at will to any area, foveal or
peripheral, within the viewers' visual field. In addition, viewers
seem able to adjust the size of the field to which they attend with
accompanying differences in the amount of detail processed.

Piaget (1969) uses the term perceptual centration to refer to the
act of focally attending to a sample of information and the term
perceptual decentration to refer to the act of resampling or broadening
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the centration to include more peripheral areas. Other terms have

been used to describe similar processes. Relationships between Piaget's
(1969) conceptualization of centration, Neisser's (1967) and Kahneman's
(1973) concept of focal attention, Mackworth's (1965) experimental
demonstration of tunnel vision, and the discussions of attending
broadly in Woodworth and Schlossberg (195%) are suggestive but by no
means clear. The basic distinction between foveal information and per-
ceptually centrated information, however, has been experimentally docu-
mented in several ways. Engel (1971), Grindley and Townsend (1968),
and Keeley (1969) demonstrated that deliberate attention to a certain
peripheral area increases visual acuity in that area, and Fraisse,
Ehrlich, and Vurpillot (1968) showed that focal attention increases

the apparent size of .objects in peripheral vision. Indeed, a comparable
phenomenon was reported by Helmholtz (1925) early in the century.
Furthermore, subjects can exert voluntary control over perspective
reversal in a reversible-perspective figure which is presented to the
eye as a stabilized retinal image (see Hochberg, 19702). These studies
demonstrate that attention can be directed within the fixated visual
field, and there can be little doubt that the process is an important
cne in visual information processing, particularly under the stimulus
density conditions of the printed page.

Focal Attention in Reading

An exploration of the role of focal attention or centration within
the reader's visual field holds important ramifications for theory and
research on reading. A number of investigators have suggested somewhat
different attentional functions to account for the growing evidence that
the fixated visual field is subjected to systematic sampling by the
visual systems. Such functions are fundamental to the scan path hypoth-
esis proposed by Noton and Stark (1971), to the expectancy functions
proposed by Hochberg (1970b), and to the suggestion by Geyer (1966)
that input in reading is accomplished by a left-to-right attentional
scan at a rate of 8 msec. per letter space, among others. Unpublished
research findings tending to confirm the 8 msec. per letter space rate
and detailing the neurological functions in the retina responsible were
presented to the conference by Dr. Derek Fender.

Further research is necessary to examine the allocation of focal
attention within the fixated visual field, to discover the rules by
which the sampling of the fixated field proceeds and the circumstances
under which the rules are over-ridden or altered. Does the reader of
right-proceeding text, as in English, direct attention to right peri-
pheral information while the reader of left-proceeding text directs
attention to left peripheral information? 1If so, can this tendency be
readily reversed? Do the order and direction of attentional sampling
precisely follow the spatial sequence of the fixated text or can the
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sampling more flexibly adapt to the needs and expectancies of the reader
and the characteristics of the text? Is there a change in the extent

to which focal attention is directed to peripheral areas as a function
of level of development or of reading skill?

It seems likely that these attentioral input functions are related
to certain forms of reading disabilities associated with laterality
differentiation and characterized behaviorally by reversal difficulties.
Such cases are common in reading clinics, but the causes of such diffi-
culties are only now becoming known. Considerable work remains before
the systems responsible will be fully understood and diagnostic and
remedial procedures developed. There can be no clearer example, how-
ever, of the importance of theoretical work to eventual clinical and
educational practice than that provided by these newly-discovered
visual functions.

The Timing of Information Intake During the Fixation

A classic experiment by Sperling (1960) utilizing a partial report
technique in a situation which preserved the stationary field for a
second or longer (and a host of later experiments using the same tech-
nique) demonstrated that subjects have considerable purposive control
over the spatial aspects of the field and that visual intake itself, in
some sense, is a discrete act under the temporal control of the viewer.
Since under tachistoscopic conditions intake requires a fraction of the
time devoted to the average fixational pause in reading, the question
of when during a fixation does intake occur becomes significant. It
now seems unlikely that intake always occurs during the initial portion
of a fixation, as long assumed. There ls some reason to suspect that
intake may occur most typically just prior to the saccade, that is, in
the latter portion of a fixation. A third possibility would hold that
intake occurs flexibly where needed and may take place during any tem-
poral portion of the fixation. This question holds important ramifica-
tions to our understanding of the apparent stability of the visual
world and relates to the need to maintain a temporal balance between
processing systems iu reading (Geyer, 1966).

McConkie suggested during the conference that by using a computer
driven cathode-ray tube display it would be possible to present the
text for a limited period of time following fixation and then to mask
the display with another pattern. By varying both the duration of text
presentation and the time of onset of presentation during the fixation
and examining the degree of disruption of reading that results, it may
be possible to answer many questions concerning the normal temporal
distribution of information intake during fixations.
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2. Considering Moves

RECOMMENDATION: The NIE should support research on the peripheral

visual aad cognitive controls over the timing and
extent of a saccade. What guides and directs an
individual's eye-movements?

Given that our eyes receive fine-grained information only with the
small foveal area, we can learn about the visual world efficiently only
through a succession of eye-movements or saccades. Since it is impos-
sible to pick up much detailed information in peripheral vision, multi-
ple fixations and the eye-movements that produce them are necessary in
extended displays and are therefore an inherent part of the reading
process., Probably all intake of visual information occurs during fixa-
tions since it is generally believed that visual input is suppressed
during a saccade either as a result of retinal blurring or as a result
of a central inhibitory process (Haber and Hershenson, 1973; Volkman,
1962; Volkman, Schick, and Riggs, 1968). Furthermore, the saccade is
considered a ballistic eye-movement whose trajectory cannot be altered
once it has begun (althcugh this unalterability is presently under
debate). The accurate hitting of a pre-selected visual target is a
phenomenon of some neurophysiological interest and should perhaps be
considered developmentally (see section III, A) but of more relevance
for this discussion is the way in which the target is selected. What

directs the reader's saccades? How is the target for a saccade

selected?

There have been various theories posited regarding the guidance of
the eye in reading but most involve some combination of the following
three positions (see Rayner, 1974). The first argues that the skilled
reader develops a rhythmical movement pattern fixating, on the average,
an equal number of time on each line of print (see Tinker, 1958, 1965).
Although this uniform pattern theory was once popular, little empirical
support for it exists.

The second position subports stimulus control of eye-movements and
contends that targeting of saccades is determined by information ac-
quired from the periphery. In picture-viewing tasks, the evidence is
compelling that fixations are not random or uniform but are directed
to selected parts of the display most likely to be informative
(Mackworth and Morandi, 1967). This indicates that display features
detected peripherally act to guide where the next fixation will (or
will not) fall. Although peripheral control over eye fixations occurs
in picture scanning, we do not know at present the extent to which
peripheral control operates in normal skilled reading. Since reading
involves many aspects which pictures do not, including semantic and
syntactic components, generalization from studies using pictorial dis-
plays may not be valid. Tachistoscopic studies of word recognition have
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found specific letter information, initial and final letters, word
cshape, and letter grouping or spelling pattern information to be use-
ful in identification (Havens and Foote, 1963, 1964; Gibson, Pick,
Osser, and Hammond, 1962; Marchbanks and Levin, 1965; Woodworth, 1938).
Moreover, word shape and initial and final letters have been shown to
affect reading behavior (McConkie and Rayner, 1973a; Rayner, 1974).
Research is needed to define what cues are picked up peripherally in
reading and to determine how these cues are utilized for guiding future
fixations.

The third position on eye-movement guidance emphasizes internal
control mechanisms. Internal control models presently appear in two
forms: one which emphasizes the deductive or guessing-game aspect of
skilled reading (Goodman, 1970; Levin and Kaplan, 1968) and a second
which emphasizes the inductive or information-seeking aspect of reading
(McConkie, 1973). The first model states that the reader makes a hy-
pothesis about what will come next and moves his eyes to confirm his
hypothesis. The second model asserts that the reader may have some
expectations about what comes next, but he does not guess and confirm;
instead, he looks in the area of the sentence with the highiest prob-
ability of giving information. He seldom looks at the beginning of a
sentence or at blank spaces in continuous text (Abrams and Zuber, 1972;
Rayner, 1974). Research should be directed towards clarifying the
relative importance of the deductive and inductive aspects of reading.
Their relative importance may vary with developmental and individual
style factors.

The most reasonable model describing guidance and control of eye-
movements involves a combination of the stimulus control and internal
control positions (Hochberg, 1970b; McConkie, 1973). The decision of
when to move and where to move one's eyes may be dependent upon an
interaction of semantic constructions, hypotheses, and anticipations
based upon information assembled from previous fixations and peripheral
syntactic and semantic cues present in a current fixation. Information
acquired from successive fixations constrains the alternatives that the
reader expects to confront, and makes identifications easier during
later fixations. Knowledge of language rules and contraints, redun-
dancy of the text, knowledge of the subject matter, and peripheral and
semantic cues allow the reader to recognize a word on the basis of less
foveal information than if such knowledge and cues were not present
and/or not utilized.

If we consider the targeting of eye-movements to depend upon both
cognitive and peripheral control systems, certain specific research
questions may be asked: At what point in the processing of information
during a fixation is the command given to initiate the next saccade?
Are semantic constructions completed before the eyes move on? If not,
is tue targeting of the next fixation determined independently of the
semantic interpretation of the current fixation? If peripheral cues
are important in eye movement guidance, is the poor reader and/or
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beginning reader unable to take advantage of these cues? Does periph-
eral cue usage change with respect to the skill level of the reader

or does it vary with familiarity of the foveally fixated item or the
peripheral items? Can we write or structure text so as to facilitate
peripheral cue usage and increase the speed with which text can be
processed?

A controversial and speculative version of the combined internal
and stimulus control model suggests the notion of preplanned programs
of multiple eye-movements (perhaps three or four fixations) which might
be overruled by "stop" or "modification" signals resulting from text
encounters. Research would be necessary to determine the extent of the
pre-planned programs under various reader and text conditions (e.g., age,
skill, complexity or density of the text) and the characteristics of
the over-ride rules which permit changes in the program.

3. Considering Orchestration of Stops and Moves

In skilled reading the eye does not have to bring every letter
close enough to the fovea that its shape is recognizable; nor, in
viewing pictures, does every detail in the display have to be fixated
in order for the viewer to know what the picture contains. The displays
are sampled, and the specific pattern of eye-movements determines what
is actually sampled. This fact makes eye-movements central to skilled
visual information processing.

In viewing text a good reader reads about 240 words per minute; an
excellent reader, about 400-500 words per minute; a "speed reader", of
course, may read many times faster. There are these limiting factors,
however: (1) the maximum average rate of saccades and (2) the range
within which letter shapes can contribute to word recognition. ‘The
maximum average rate of saccades in any looking behavior is about 4 per
second, or about 240 fixations per minute. The good reader, therefore,
at 240 words per minute, is reading about one word per fixation and the
excellent reader about 1.7-2 words per fixation. Since the average word
is between 5 and 6 letters in length, the faster rates clearly exceed
the perceptual span of 6 letter spaces within which we can expect indi-
vidual letter shapes to contribute to word recognition (see section 1.
above for perceptual span discussion). An examination 0f actual reading
records will show many long words, perhaps 12-15 letters in length, that
receive only a single fixation. Thus, skilled reading, because it is
a sampling procedure, is necessarily constructive in nature, with the
reader interpolating between the glances that are actually made and
forming anticipations about information to be brought by subsequent
fixations. Just what is being constructed and what the anticipations
are may be studied through analysis of the orchestration of saccades
and fixations -- their number, order, duration, and placement -- in
response to cleverly manipulated text.
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The economy with which a text is sampled is in part a function of
the viewer's knowledge about the world, his knowledge about language,
his assumptions and intentions with respect to the reading task, and

his familiarity with the text being sampled. The more knowledgeable

the viewer, the more skilled his hypothesis-forming and testing pro-
cedures or his information-compiling abilities and the better his
guesses about what the text is "saying." The pattern of sampling
employed in reading text, the orchestration of stops and moves of the
eyes, may be analyzed to study the nature and interaction of the factors
contributive to the sampling decisions and to assess the individual's
stage of development and expertise in the abilities that underlie
skilled reading. With real-time eye-movement records, one could also
analyze where the reader had not sampled and then determine what in-
ferences he could make about non-sampled areas based on what was sampled.

Two points concerning methodology seem appropriate to this section.
Obviously, different experimental designs are required for probing
different questions. But if we want to understand the processes opera-
tive in normal continuous reading, then such reading should be repre-
sented among the experimental approaches. At the beginning of para-
graphs or isolated single sentences, an abnormally large number of fixa-
tions and of regressive movements are made. It is therefore important
to collect eye-movement records of entire paragraphs or of a single
test sentence embedded in a paragraph. This is especially critical if
we want to investigate the relation between eye-movements and the form
in which meaning continuously evolves across sentences and paragraphs
in normal reading. Secondly, if we are concerned with the retrieval
of meaning from continuous text, eye-movement records may not provide
sufficient information for a complete picture of the phenomena involved.
Information from other dependent variables (e.g., comprehension tests)
must be adduced to supplement the interpretations of eye-movement
records.

RECOMMENDATION: The NIE should support research that tests the gener-
ality and boundary conditions of the proposition that
where the eye looks at any moment reflects the item
of information that is of particular importance in
cognitive processing at that moment.

The specific recommendations set out below (and many put forward
in sections I1I, Pictures and Graphic Displays, and III, Television)
assume, with varying degrees of explictness, that the orchestration of
fixations and saccades of the eye reflect on-going cognitive processes
and that the eye looks at the visual information that is of particular
jmmediate importance in processing. To the degree that this assumption
is meaningful and true, eye-movement research will contribute immensely
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to the study of reading, picture scanning and television viewing, in
particular, and to the study of language comprehension, problem solving,
and thought processes, in general.

When we control experimental situations in such a way as to require
(a) that the subject must obtain the information in the exact order that
he needs it, and (b) that in order to obtain the information he must
fixate on or very near the specific part of the display which contains
each item of information, then the assumption is self-evidently and
trivially true.

However, the relationship is not always so simple. For example,
we know that attention may be shifted from one time to another when the
eye itself does not change its position accordingly (see the discussion
of focal attention in section I above). Moreover, because of the rate
limitations of the movement of the eyes in many cases eye-movements
cannot possibly follow the processing order completely.

Nevertheless, what is particularly impressive is the evidence that
even when there is no need (in terms of the extrinsic situation) to
fixate a particular item, subjects will do so. They will fixate visual
items approximately at the same time as those items are being heard
(Cooper, 1974) or are being processed for meaning (Carpenter and Just,
1972). 1t would be extremely important to be able to analyze the pro-
cesses of comprehension by recording a subject's gaze; however, the
boundary conditions within wh®:h eye-movements will serve this purpose
should be established.

Some researchers have investigated this issuc by means of simula-
tion procedures in which the normal information gathering glances, self-
programmed by the subject, are replaced by sequential presentations
administered by the experimenter. The intent of these procedures is to
find presentational sequences which interfere minimally with the reading
of text or the perception of pictures and which must, therefore, approxi-
mate the sequence of information acquisition provided by the subject's
eye-movements u-ier normal viewing conditions. Bouma (1974) proposes
on the basis of such simulation experiments that eye-movements proceed
at a rate that is only loosely related to the rate at which cognitive
processing proceeds and that individual eye-movements are not deter-
mined by the ongoing cognitive process. This proposal cannot be ac-
cepted in its strong form: The regressions that often are made to
specific places in reading the text (Geyer, 1966), and the direct evi-
dence of the effect of an unexpected foveal view on the duration of
that very fivation (McConkie, 1974; McConkie and Rayner, 1973) are
clear examples of direct relationships between ongoing cognitive pro-
cess and the associated eye-movements. These results are clear examples
of the fact that no simulation procedures, or indirect research, can
in the final event replace direct eye-movement measurement. But Bouma's
general point is tenable and more direct research to the point is
needed.
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RECOMMENDATION: The NIE should.support research which examines the
orchestration of saccades as a function of the goal
and state of the reader.

The Influence of the Reader's Goal on Eye-Movement Patterns and on the

Meaning Extracted from Text

Although not much explicit research on the issue is available, it
would seem that for any given reading material eye-movement patterns
are highly influenced by the purpose for which the passage is read. The
goal, "read as fast as possible and get the overall idea,' generates a
pattern of eye-movements totally different from the goal, "read care-
fully to make sure that vou dc not disagree with any specifics of the
writer's meaning,' even though the reader and the reading material could
be the same in the two cases. Yet very little research has been con-
ducted aiming to make explicit and to clarify the differences in eye-
movement strategies and the meaning retrieved under the constraints of
the different goale, i.e., by the different implicit task definitions
or self-instructions.

Although introspection may suggest that for any given text the
number of different implicit goals the reader could pursue is very
large, task analysis of the reading process might reveal that these many
different goals can be reduced to a few goal types, each type calling
for a different optimal eye-movement orchestration and reading strategy.
A skilled reader should have learned appropriate strategies for the
different goal-types and be capable of flexibly altering the number,
duration, and placement of his fixations as a function of the reading
goal. It is quite possible that many so-called poor readers are ac-
tually over-specialized readers in the sense of not having acquired a
sufficient variety of reading strategies. Woodworth (1938) claims that
slow readers use a uniform fixation per line ratio as well as a constant
fixation duration regardless of goal or text complexity. This issue of
practical and theoretical importance is in need of investigation.

The Role of Subvocalization

The reader's goal may not only be achieved through the appropriate
orchestration of stops and moves of the eyes but also through covert
oral behavior or subvocalization. Research by McGuigan and his asso-
ciates has shown that during the silent reading of both children and
adults, lip and chin activity as measured by electromyography increases
relative to control (rest) periods (McGuigan, Keller, and Stanton,
1964) and that improvement in a child's reading comprehersion as a
result of remedial training yielded increased covert oral behavior
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(McGuigan and Shepperson, 1971). Covert oral behavior during reading
reduces in electromyographic amplitude with age but persists signifi-
cantly in the adult reader (McGuigan and Bailey, 1969). McGuigan (ir
press) argues that covert oral activity is beneficial to the reader be-
cause it facilitates internal information processing. In this role,
subvocalization may act as an attention focuser; for example, auditory
presentation of prose and backward prose during reading resulted in an
increase of speech muscle activity (McGuigan and Rodier, 1968). It
might be concluded that covert oral behavior acts to slow down reading
so that more complete processing may occur; however, McGuigan and
Pickney (in press) have found that "speed reading courses" produce
heightened activity of the tongue during silent reading, contrary to
expectations.

Further research is recommended to elucidate the interaction among
covert oral behavior, the pattern of eye-movements, the goal of the
reader and the meaning obtained from text. Such questions as the
following might be asked: All things equal, how does covert oral be-
havior relate to a reader's eye-movement orchestration? Given the same
comprehension level (varying from acquisition of detail to general idea),
do slow readers and speed readers differ in subvocalization activity?
What is the effect of text characteristics (e.g., complexity, famil-
iarity) on the above complex of variables?

The Influence of the State of the Reader on the Orchestration of
Saccades and Fixatioas

Factors iike emotionality, anxiety, learning blocks, and fear on
the negative side and motivation or interest on the positive side might
significantly affect sampling behavior as well as perceptual span and
the use of peripheral information. One theovy (Easterbrook, 1959)
postulates that an increase ia arousal leads to a restriction of the
range of cues the organism uses in guiding action. When approypriate
action involves a discrimination between relevant and irrelevant cues,
the discrimination is impaired under conditions of increased arousal,
and there is a reduced ability to focus on the relevant cues (see
Kahneman, 1973). Also, there is some indication that high arousal may
lead to a greater lability of attention; it may lead to an increase in
scanning which may in turn be related to an increase in distractibility.
On the other hand, extremely low arousal may lead to a failure to adept
an appropriate task set or a failure in the evaluation of one's own
performance (see Kahneman, 1973). With respect to reading in particu-
lar, overarousal (caused by fear of failure or anxiety) might lead to
a restriction in the range of cues used by the reader, effectively
eliminating peripheral visual information, or it might contribute to
an erratic sampling pattern, a random orchestration of stops and moves.
Is there an optimal level of arousal for an individual for efficient
execution of a particular reading intention?
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The measurement cof psychophysiological phenomena in conjunction
with eye-movement recording would contribute significantly to this type
of research. A general level of arousal could be determined through
such measur2g as galvanic skin response or heart rate. However, a
close correlation between these measures and eye-mcvement parameters
are a problem since the response luten~y of the eye is much faster than
that of most psychophysiological variables. However, an individual's
response on grip pressure and pupillary dilation measurements is suffi-
ciently quick to allow reasonable interpretation of simultaneous re-
cordings of these arousal variables and eye-movement behavior. Careful
research in this area may be very fruitful.

RECOMMENDATION: The NIE should support research which explores the
nature, duration, and sequence of the component pro-
cesses involved in reading and the integration of these
component processes.

The skilled performance of a complex act such as reading requires
the execution and coordination of a great many component processes
within a very short period of time. As is characteristic of complex
skilled performances, the sequencing and integration of these component
processes is not open to introspection, and the final product -- compre-
hension of the written passage -~ provides us with little information
on how that product was achieved.

A number of different models of the reading process and of its com-
ponent skills have been advanced (e.g., see Geyer, 1963, 1972;
Mackworth, 1972; LaBerge and Samuels, 1974). It is not the purpose
here to subscribe to one of these models, but rather to point out the
value of eye-movement research for testing and extending the models of
reading and its component processes. What is needed to elucidate these
processes is (1) a means of monitoring the reading act during its execu-
tion and (2) various experimental stimulus manipulations aimed at
probing the operation of the component processes. Eye-movement record-
ing answers the first need and the second need is discussed below.

Stimulus manipulation was suggested by several consultants at the
conference and elaborated upon by McConkie as one means for clarifying

the nature, duration, and sequence of the component processes in reading.

At a certain position in a passage different letter strings or words
might be embedded, each of which would produce an error which would be
noted only at a particular level of processing. It is likely that such
an error would produce an irregularity in the reader's eye behavior
(e.g., unusually long fixation or regression), and eye-movement records
would indicate when that irregularity occurs. Levels of processing
which might be explored in this manner include recognition of letters
or words, text segmentation, identification of case role of a word
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group, integration of the meaning of the present clause with the total
passage information, etc. '"Errors' -- atypical words or constructions --
might be embedded at any of these levels.

McConkie (personal communication) has found that fixation durations
seemn to increase when a non-word letter string is first encountered,
not a fixation or two later. These data suggest rather rapid process-
ing at this level. But McConkie reports that processing even beyond
this level may occur extremely rapidly. Using reaction times, Isakson

- in McCorkie's laboratory found indication of a greater processing load

(as evidenced by longer reaction times) at points in the sentence where
he expected the meaning of a phrase to be integrated. His reaction time
probe suggested that semantic and syntactic information from one fixa-
tion might be processed rapidly enough to help determine the location of
the next fixation. Eye-movement data (especially fixation durations)
would have provided important evidence for this integrative function
and for McConkie's tentative conclusion that information can be pro-
cessed to the level of identifying case relationships and integrating
meaning within a relatively short time -- probably one fixation. This
general technique of altering text in various, carefully specified
manners to determine where and if eye-movement irregularities occur
would seem to have potentially high payoff for reading theory.

A second mearns of exploring this issue (implied to some extent in
the first) uses fixation duration to probe the nature of the mental
operations underlying comprehension. Just and Carpenter (1971) report
that, overall, fixation durations on negative sentences are longer than
those on affirmative sentences. Gould {1973) has also demonstrated a
re ationship between fixation duration and mental operations in a
Sternberg scanuning task. He asked subjects to memorize a set of digits
(e.g., 2, 4, 6) and then to look at each digit in a visual array to
determine if any of them were in the memory set. The time spent looking
at each digit was proportional to the size of the memory set, and thus
reflected the mental comparison of the fixated digit to each of the
memorized digits. In continuous reading of a prose paragraph, it might
be that comparisons of fixation durations at various linguistically or
semantically defined portions in the tex: would be suggestive of parti-
cularly complex, numernus, or integrative mental operations.

A third technique which has been used to advantage by Kolers (1968,
1972) is the alteration and distortion of text in order to study the
strategies that subjects use to read them. This third technique, like
the first described, adopts the strategy of distorting the normal situa-
tion in order to investigate the effectec of the distortion on the
typically rapid, highly automatized process of reading. The effect
o the skilled reader of manipulation of the orientation of letters,
lines, or entire passages has been investigated, but there are numerous
other variations which might be used to break down or slow down reading
in different ways -- e.g., exaggerating the separation between the
letters within words or the words within a line of print, deleting
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punctuation, printing the passage in vertical rather than horizontal
lines, etc. Since transformations impose differing constraints, com-
paring the effects on eye-movements of the various transformations
could help to identify the component processes involved in reading.

Component Processes During the Acquisition of Reading Skill

While the sequences of component processes are run off rapidly by
the skilled reader except where problem areas of text are encountered,
for the child or the beginning reader these component processes are
probably learned somewhat independently (or hierarchically) and grad-
ually integrated as skill increases. For example, for the beginning
reader, the act of decoding sequences of letters into words requires a
substantially greater allotment of attention and a substantially longer
period of time than does decoding in the skilled reader.

Some recent znalyses of reading focus on the capacity of short term
memory in suggesting that the slowness of decoding is a critical factor
in decreasing the comprehension of beginning or slow readers. According
to this analysis, poor readers fail to comprehend because they are en-
gaged in reading parts of words one at a time and integrating the parts
into whole words overloading the short-term memory system and thereby
making it impossible to integrate the information obtained from each

successive word.

Another, probabiy complementary, conceptualization of the relation
between decoding and comprehension focuses on the allocation of atten-
tion to various of the component processes combined in reading (LaBerge
and Samuels, 1974). When the child or beginning reader must concentrate
on decoding from a visual to a phonological code, the attention he can
devote to integrating semantic units as he proceeds is limited. The
skilled adult reader, on the other hand, may be able to attend almost
entirely to meaning, while decoding proceeds automatically. Thus the
manner in which the component processes function together may be quite
different in the beginning and skilled reader. Indeed, in one study
(Guthrie, 1973) correlations among subskills were high for good readers

but were low for poor readers.

For the beginning reader who is also a child, the capacity of short-
term memory or the capacity to re-allocate attention among the component
processes of reading may be developmentally limited, and these limita-
tions may in turn restrict the child's ability to integrate peripheral
and foveal information. It has been found that for adults, the acquisi-
tion of information from peripheral vision speeds the processing of
that same information when it is subsequently fixated (Sanders, 1963).
Can children use peripheral information as effectively as adults? Does
the use of peripheral information vary with its location in the periph-
ery, its saliency, and/or the complexity of the peripheral stimuli?
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Research using the techniques described above with readers at
different levels of development and of skill acquisition may clarify
the specific component processes which provide problems and must be
attended to at those different levels. Comparisons of children and
illiterate adults during learning to read might be particularly useful
in factoring out age and skill constraints on the process of reading.

RECOMMENDATION: The NIE should support research which explores the
encoding and construction of the message as a function
of the knowledge system of the reader and the linguis-
tic and semantic characteristics of the text.

The manner in which a reader scans and samples text is influenced
by and reflects his familiarity with the content (both the vocabulary
used and the objects, events and relationships symbolized) and with the
linguistic structures of the text. If content and linguistic structure
are familiar, the reader's anticipations and expectations about the text
yet to be encountered are likely to be confident and accurate and he
will proceed with more widely spaced samples of the text. With famil-
iarity it might be that a "deductive," anticipatory reading strategy
is emphasized over a more purely "inductive," information-gathering
strategy.

A number of research techniques were suggested during the confer-
ence as means to explore the relation between the subject's scanning
strategy and his familiarity with the content and linguistic structure
of the text. For example, the pattern of eye-movements made while
reading a paragraph or story could be compared (1) after having heard
the paragraph read verbatim, (2) after having heard a differently-worded
version of the same paragraph, (3) after having viewed a pictorial rep-
resentation of the paragraph's “message," and (4) with no prior expo-
sure to the content and linguistic structure of the paragraph. To
what extent is visual scanning different in these four conditions?
Patterns of eye-movements could also be compared (i) on text previously
dictated by the child or adult (for which there is no uncertainty con-
cerning familiarity of linguistic structure and content), (2) on unfamil-
iar text equated in vocabulary, content difficulty and syntactic struc-
ture, and (3) on unfamiliar text which is considered to be slightly more
difficult (in content, linguistic structure or both) than that dictated.
in sum, comparisons of eye-movement patterns on text which is systema-
tically varied in content and linguistic structure across readers who
vary in linguistic and semantic knowledge may be fruitful. Such re-
search could provide solid information concerning the value for begin-
ning readers of texts constructed with a familiar dialect and familiar
content. Furthermore, it might suggest optimal ways to broaden grad
ually the linguistic and semantic repertoires of the beginning reader.

nie conference on visual information processing

44




3-21

In addition, more research is needed on the effect of linguistic
variables, per se, on reading. Early eye-movement studies of reading
(see Tinker, 1958; Woodworth, 1938) gave little systematic attention
to the relation between linguistic variables and the locus and dura-
tion of fixations. A few recent studies,- however, have addressed such
questions and have shown that skilled readers selectively fixate spe-
cific linguistically defined areas within the text (Comunale, 1973;
Kennedy, 1967; Mehler, Bever, and Carey, 1967; Wanat, 1971, 1972;
Zarger, 1973). It would be interesting to study the development in
early readers of appropriate within-sentence fixationms.

Little is currently known about the effects of linguistic structure
on the pattern of eye-movements, and linguistically-oriented research
may provide significant information about the ongoing processes of
reading. Across subjects with varying linguistic repertoires, of
varying linguistic competence and reading skill, what effects do ambig-
uous sentences or such linguistic constructions as active-passive verb
forms, embeddedness, negation, and agent-nonagent forms have on the
orchestration of eye-movements (i.e., on the number, order, and dura-
tion of fixations on specific portions of the text)? What are the
various demands that such linguistic forms place on the information
processing systems? What is the relation between different parts of
speech (noun, verb, adjective, etc.) and fixations? In addition to
helping us acquire a general knowledge of the influence of linguistic
factors on eye-movements, this research direction may have particularly
high pay-off in assessing differences between ages in sensitivity to
(and comprehension of) various linguistic constructions and in compari-
sons of the scanning patterns of readers who are bilingual, bidialectal,
or for whom English is nct a primary language.

It is well documented that groups who speak a dialect variant of
standard English or a different first language are disproportionately
represented among those with reading problems. However, there are few
concrete data on the processes of reading and of learning to read in
these populations. Research on the reading of bilinguals currently
focuses either on adults who fluently speak and read both languages
(Kolers, 1966; 1970; 1972; Macnamara, Feltin, Hew, and Klein, 1968) or
on bilingual children who are not having reading problems (Lambert,
1972; Lambert and D'Anglejan, 1973). Eye-movement data may provide
critical information on group and individual differences in the sam-
pling strategies bilingual or bidialectal readers use to gain informa-
tion from written material, in relation to what the readers comprehend
verbally. Do the good and poor bidialectal readers differ in their
attention to highly informative portions of the text? Do the eye-
movement patterns of the bidialectal reader differ when he is reading
"standard" versus dialectal text? Research of this sort might yield
knowledge about which syntactic constructions pose special obstacles
to those reading a dialect or a language other than their own, and
such information would have clear implications for instruction.
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RECOMMENDATION: The NIE should not support the wide-scale use of
eye-movement data as a diagnostic indicator of reading
deficiency given our current knowledge base.

For some time it has been known that the eye-movement patterns of
a poor reader differ from those of a good reader. Poor readers make
more fixations, more regressions, and have longer fixation durations
than good readers (Gilbert, 1953; Taylor, 1937, 1957; Taylor, 1965;
Tinker, 1965). However, before eye-movement data can be useful in the
diagnosis of reading difficulties, they must provide additional infor-
mation to that which can already be obtained more easily through the
use of traditional reading tests. The reszarch recommended above could
indeed generate such information; but until the research has been done,
eye-movement recording will not significantly advance the cause of more
accurate diagnosis. It does not require eye-movement records to make
gross differentiation between good and poor readers.

Children and adults read at different levels of skiil; however,
reading skill as diagnosed by achievement tests (or by gross eye-move-
ment characteristics) constitute little more than assignment of indivi-
duals to ordinal categories. While we can locate educational problems
and issues through such comparisons of individual performance, previous
experience has shown that we do not thereby understand the nature of
the problems. More differentiated, fine-grained categorizations (e.g.,
through the use of subscore profiles on reading achievement tests) go
further toward a more adequate approach. They allow specification of
a diversity of forms of good and bad reading. This is important,
because not all bad reading has a common ¢ urce and not all good reading
takes the same form.

However, these categorizations rely on the assessment of perfor-
mance outcomes. What is needed in diagnosis is a measure which provides
information on the processes involved in reading, on which processes are
deficient and how they are deficient. We need to focus on what Glaser
(1972) has termed the '"new aptitudes," by which he means not the out-~
comes of learning (which are assessed by traditional aptitude tests)
but individual differences in the way children learn, in the processes
they engage in a learning situation. Eye-movement data can provide more
precise information on the processes of reading than can tests which
differentiate only on the basis of performance outcomes. Although its
potential has yet to be fully explored, eye-movement recording may offer
a technique for determining more precisely what components of reading
are most problematical to an individual reader. The optimal use of
eye-movement records, however, requires a theory and empirical data
correlating eye-movements with the cognitive processes involved in
reading. Once theory about the moment-to-moment processing has been
more fully articulated and has been related to the eye-movement patterns
during reading, it will then be possible to examine departures from the
theoretical norm in eye behavior and to relate those in turn to
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variations or deficiencies in cognitive processing as reflected in the
eye-movement pattern. More accurate and more useful diagnosis of

reading problems may then be possible.

Thus it seems probable that eye-movement recording could, in the
future, prove most useful in the identification of specific problems
in reading. This is not to say, of course, that the solution to the
problem will lie in retraining eye-movement. Only in a minority of
dyslexics does it seem likely that the movement of the eye, per se, may
be the cause of reading problems. Appropriate experimental designs
using carefully selected populations could clarify the relative impor-
tance of "abnormal" eye-movements as a cause and "abnormal" eye-
movements as a reflection or symptom of problems in reading (Benton,

1973; Flax, 1973).

RECOMMENDATION: The NIE should support studies which examine the fac-
tors in text which facilitate the initiation, mainten-

ance, and direction of active looking and facilitate
learning or message retrieval.

Whether one looks actively and selectively at text and how one
sustains the effort over time depend or many factors including charac-
teristics of the individual (e.g., goals, state, cognitive style,
reading skill), external factors in and apart from the text, and inter-

actions of these two.

The manner in which the skilled reader samples normal text during
reading and the various influences on this sampling were discussed in
previous sections. The positive role of peripheral visual information
in guiding subsequent saccades was emphasized. However, the information
on the page which is available in peripheral vision, but which is not
immediately necessary for understanding the text, might also serve as
a distraction and could conceivably interrupt an ongoing scar of the
relevant text. For example, attending to the lines above »r below the
line of print which the reader is currently encoding could disrupt the
reading process. The successful reader must selectively attend to only
that information in peripheral vision which is immediateiy relevant.

Some recent research has addressed the question of distraction by
(or the amount or degree of processing of) information in the irrelevant
lines of a passage. Neisser (1969) and Willows (1974) used a selective
reading procedure in which relevant lines of a story were separated
by lines of "irrelevant” words. Measures of the speed of reading the
passage and intrusion errors suggested that material on the "irrelevant"
lines is processed to some extent under some conditions; moreover, good
and poor readers were affected differentially by the "jrrelevant" lines.
The use of eye-movement data in connection with such dependent measures
as the speed of reading, comprehension, and intrusion errors would be
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useful in exploring how the irrelevant text is attended. Are the irrel-
evant lines actually fixated upon, and if so, how often and when? If
the irrelevant material is not fixated, are there changes in the pattern
of eye movements on the relevant text (e.g., longer durations, shorter
saccades) which would indicate that irrelevant material was being pro-
cessed? How far in the vertical periphery can the material appear and
still have an effect? These questions would be particularly interesting
in comparisons of readers with varying reading skill. How does irrele-
vant peripheral information interfere with the beginning reader or poor
reader as compared with the skilled reader, with the younger child as
compared with the older child?

A complementary set of questions concerns the types of variations
within the relevant text which attract, sustain, and help direct selec-
tive attention (Tinker, 1965; Zachrisson, 1965). Research is needed in
this area to yield understanding and control of the attentional value
of text; until receantly decisions on such matters have rested on the
intuitions of the writer, the editor, and graphic designer. On the
practical side, every step that we can take to make the text more attrac-
tive to read and more easily assimilated reduces the necessity for ex-
trinsic motivators and for "will power'" on the part of the reader.

Such reading programs as Words in Color, DISTAR, and i.t.a. assume
that color cues, aiacritical marks, or controlled orthography will
facilitate reading acquisition. These claims need objective empirical
evidence and it is possible that eye-movement research can provide it.
For example, if these programs aid the beginner to become a skilled
reader faster, then he should show skilled reading eye-movement patterns
(i.e., less regressions, more saccades, shorter fixations) earlier with
these cued materials than if taught with the same materials without
cues. What are the changes in eye-movement patterns as the child pro-
gresses through the Words in Color program, for example, as compared to
the patterns of the child learning to read the same text without color?
How do eye-movement patterns change when the i.t.a. learner is trans-
ferred to traditional orthography?

Another untested assumption is that the child first learning to
read needs material printed in large type. If this assumption rests on
a supposed underdevelopment of the child's visual system, the assumption
is probably untrue since the five-year-old does not have a foveal visual
acuity problem (Peckham, 1933). Perhaps large type places less strain
on the child in production of ~ small controlled linear saccades
required by the reading task, . this has not been shown. Perhaps
large type makes it easier for the beginning reader to make fine dis-
criminations between the distinctive features of individual letters,
but again empirical evidence is lacking. More generally, there is a
need to assess the appropriateness of specific typographic presentations
for specific reading tasks (e.g., learning to read, skimming, studying,
oral reading) and for specific kinds of text (e.g., technical writing).
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Experimentation with type size and spacing between "units" using
eye-movements as a dependent variable may yield reading materials that
ease the load on the beginning reader or give him a better attack on
print. For example, smaller print and larger spaces between words
might allow a whole word to be foveated at one fixation and eliminate
interference from the periphery. Conversely, graduated spacings might
encourage attention to relevant peripheral cues and might assist the
reader in chunking larger syntactic units. How do inter-unit spacings
interact with developmental changes and different stages of reading
skill acquisition? Are some spacing techniques better for certain tex-
tual materials than others? How are comprehension and reading speed
affected by spacing devices?

Type size, diacritical marks, color, and spacing are only a few of
the possible graphic devices which might be varied in order to facili-
tate the initiation, maintenance, and direction of active looking, and
to improve reading skill, comprehension, and/or speed. For example,
beginning reading material might employ increased saliency of certain
phonic units, certain words essential to the message, or certain syn-
tactic units fading out the saliency as reading skill advances. There
are also a number of graphic techniques which might be used once reading
skill has been acquired: marginal notes, exdented as well as indented
section beginnings, large or extended capital letters to indicate sen-
tence beginnings or the start of new sections, more liberal use of
headings in the text, alternate lay-out and compositional styles which
complement the organization 2f the text, extra white space between
sentences combined with occasional indicators for especially important
material.

The effectiveness of the above suggestions about future and current
typographical cueing practices in reading materials is testable through
eye-movement monitoring and should be considered with the reader's
skill level and reading purpose in mind.

B. PICTURES AND GRAPHIC DISPLAYS

Research directed toward the scanning of pictures and graphic dis-
plays is important, both independently and in connection with text or
spoken language. Pictorial material constitutes an important educa-
tional medium. Pictures (in the form of comic books, TV, picture-book
illustrations, or photographs) reach viewers who, because of age, moti-
vation, or functional illiteracy, do not normally read text. In addi-
tion, pictures provide a means of studying the processes of perception
and comprehension, and the development of these processes, with sub-
jects for whom textual material is inappropriate.

Many of the individual recormendations which w¢~ made for textual

material can and should bz extended to pictorial material as well.
Questions concerning the size of the perceptual span, peripheral visual
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and cognitive controls over the timing and targeting of a saccade, and
the orchestration of fixations and saccades are equally applicable, in
some form, to picture scanning as well as to reading.

As is true of skilled reading, much of picture interpretation is
constructive in nature, with interpolations being made between samples
of information and with the viewer forming anticipations about the
information to foveate next. In viewing pictures, the evidence is
compelling that fixations are not random, but are directed to selected
parts of the display that are likely to be informative (Mackworth and
Morandi, 1967). This indicates that certain features of the display
are detected by peripheral vision and are used to guide the eye to its
next fixation. Moreover, while the order of fixations is often differ-
ent for different individuals, there is good agreement in the frequency
with which particular features are fixated and with the durations of
the fixations (Mackworth and Morandi, 1967). 1In general, during the
initial period of viewing a picture a few relatively large saccades
(ca. 4 1/2°) are made to points that are highly informative. Fixations
at these points are relatively brief (ca. 250 msec). Subsequent excur-
sions are progressively smailer and fixations are longer; by the tenth
fixation they are about 3° and 300 msec respectively (Antes, 1974).

The economy with which pictures and other graphic displays are
sampled is in part a function of the viewer's knowledge about the world
and about the structure of pictures, his assumptions about the looking
tasks, and his familiarity with the picture being sampled. The eye-
movements thus provide a means of studying the factors which contribute
to the sampling decisions made during viewing. There are three main
research areas where the recording of eye-movements made in response
to pictorial stimuli and graphic displays may be particularly useful;
they are described below.

RECOMMENDATION: The NIE should support research which explores the
effect of age on the acquisition and use of visual
information presented in pictures and graphic displays.

Research on visual scanning holds an important place in current
theories of perception, attention, and cognitive development. These
theories emphasize both the significance of scanning as an indication
of the sequential organization of selective attention (e.g., Haber and
Hershenson, 1973; Kahneman, 1973) and the role of scanning in the con-
struction of mental representations (e.g., Hebb, 1963; Jeffrey, 1968;
Noton and Stark, 1971; Piaget, 1969; Zaporozhets, 1965). Within the
contexts of such perspectives, eye-movement data provide information
on the plans or strategies of subjects for acquiring visual information
and on the mental representations which may be under construction as the
scanning proceeds.
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Developmental studies using eye-movement recording during picture
scanning are currently few in number (Cohen, 1974); however, scanning-
oriented studies using other dependent variables suggest systematic
changes in visual scanning with age. It appears that adults, in com-
parison with children, more readily adapt their scan strategy to meet
the requirements of the task, focus on more informative details of the
stimulus display, conduct a more organized (exhaustive and/or efficient)
scan, are less subject to disruption from task-irrelevant visual stim-
uli, and can better integrate portions of a stimulus when shapes are
presented in segments over time (Day, 1974). Some of these trends
are worthy of study, refinement, and elaboration using eye-movement
recording.

Familiarity of the Stimulus

Familiarity with the stimulus materials and with the task require-
ments may be critical in some of the age-related differences which have
been found (Day, 1974). When confronted with a visual form or scene
that is familiar, younger children exhibit eye-movement patterns more
like those of older children (Zinchenko, Chzi-Tsin and Tarakanov, 1963),
and the eye-movement patterns of adults who are scanning complex,
unfamiliar stimuli may resemble those typically considered characteris-
tic of children (Zusne and Michels, 1964). There is a need for re-
search to assess at various ages the changes that occur with increased
familiarity of shapes and scenes.

Selective Attention

Research should be conducted which will explore children's ability
to attend selectively to task-relevant aspects of visual displays under
various conditions of "noise'" (irrelevant stimuli) and of attentional
support. A number of developmental studies have indicated that young
children's performance on visual scanning tasks is affected more than
that of adults by particular characteristics of the visual stimuli
(Day, 1974; Gollin, 1961; Wohlwill, 1960). Younger children, in com-
parison to older children and adults, benefit more from stimulus charac-
teristics that help to structure visual scanning and appear to be more
distracted by noise in the visual field. While there is a growing lit-
erature on visual selective attention (e.g., Hale and Morgan, 1973)
memory for various aspects of the stimuli is the dependent variable
which is typically used. Memory is quite far along in the information
processing sequence, and memory report may be influenced by many fac-
tors in addition to initial attention. Eye-movement data will permit
observation of the initial acquisition of visual information.

Furthermore, the use of eye-movement data in connection with other
dependent variables can probe whether, with age, there is an increasing
ability for cognitive reorganization of information that was acquired
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in a particular visual sequence. Measures of fixation sequence would
yield knowledge about how the information was taken in; then questions
could be asked about children's memory for the information, integration
of the information acquired, and their flexibility in mental
recombinations.

Since learning from educational materials is contingent upon se-
lecting and attending to educationally significant information, reeearch
on visual selective attention ultimately should contribute to the design
of pictorial and graphic materials and of educational environments which
attract and sustain attention to educationally significant materials.

Scanning Patterns and Plans for Information Acquisition

Because the scan sequence is assumed to reflect the child's plans
for acquiring visual information, careful observation and analysis of
the scan sequence may allow formulation of the rules and plans used at
various ages for problem attack (see also section III, C). When the
child's plans or rules are understood, it will be possible to explore
the flexibility of the rules used by children of various ages and the
effects of instruction. Can the child be made aware of a better set
of rules? Will he be able to shift his fixation sequence correspond-
ingly? How flexible are children of different ages in restructuring
the scan sequence on the basis of newly acquired visual information?

Abstractness of Representation

Eye-movement research will be useful in investigating age-related
changes in response to different types of pictorial stimuli such as
photographs, line drawings, or abstract designs. It is known that
young children recognize two-dimensional representations and that prior
experience with two-dimensional representations is not essential for
such recognition (Hochberg and Brooks, 1962). However, there appears
to be little literature on children's differential responses to various
types of two-dimensional representations and on the extent to which
children must 'learn' to read pictures of various types. If there is
a developmental progression in the acquisition of picture-reading
skills, is it related to a representational continuum? How much ab-
straction can be tolerated by young children? There is a need to deter-
mine the effect of various types of representations on the scanning
patterns of children of different ages and on their ability to recognize
and acquire meaning from them.

RECOMMENDATION: The NIE should support research exploring the optimal

use of illustrations and text in combination.
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The exact function of illustrations in a book of text is a matter
of some debate. The dominant view is that in most books for skilled
readers an illustration is an aesthetic appendage, although in books
such as technical journals or how-to manuals, illustrations (in the
form of pictures, diagrams, maps, or charts) may be used to convey
information supplementary to that presented in the text. In books for
children and unskilled readers, it is assumed that illustrations may
serve a more critical function. They may help the reader to establish
the meaning of a word or of a difficult passage, and, perhaps more
important, they may arouse his curiosity and interest, facilitating
the initiation and maintenance of attention to the text. Furthermore,
a wide body of literature now attests to the fact that the appropriate
use of pictures seems to facilitate learning and retrieval (Paivio,
1971) for both children and adults.

However, illustrations may not always facilitate attention to the
text or function to sustain reading. Pictures may allow the reader to
obtain meaning without reading, or they may distract his attention
from the printed text. Currently there is little information about the
interactions between illustrations and text and their most useful
balance. The use of eye-movement recording to indicate when the reader/
viewer looks at the text and when (and where) he looks at illustrations
may provide the basis for a workable approach to this important topic.

Research should be designed to examine the relation between che
scanning of combined illustrations and text and comprehension of the
message and memory of the content. It seems likely that use of the
first dependent variable (scanning) in combination with one or both of
the latter two (comprehension and memory) will be maximally fruitful.
Such research should consider characteristics of the text and illustra-
tions including the following (a) the type of information conveyed by
each; (b) the relation between the information conveyed by each (e.g.,
are the two redundant or do they supplement each other?); (c) the com-
plexity of the text and of the illustrations; (d) the relative location
of the text and illustrations; (e) the saliencies of the text and
illustrations; and (f) the concreteness or abstractness of the text
and the illustrations (e.g., photograph versus line drawing versus
abstract illustration). .

RECOMMENDATION: The NIE should support research directed towards the
assessment of verbal comprehension.

Comprehension is difficult to measure at best and is even more
difficult to measure in the case of very young children or of adults
who are not skilled in verbal <xpression. Th: need to measure verbal
comprehension is especially acute for those who cannot read. The
Study Group on Linguistic Communicition suggested that one desirable
alternative to norm-referenced assessment of reading skill would be
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comparison of a given individual's listening comprehension with his
reading comprehension. Such a comparison would reveal the degree to
which an individual's potential for reading is being realized. For

the comparison to be made, however, it is necessary first to know the
limits of that individual's comprehension of spoken language. Further-
more, if we want to ensure that textual material matches the student’s
level of comprehension, we must be able to measure that level,

Recording of eye-movements in response to pictorial material may
offer a technique for probing speech comprehension. Under circumstances
that have yet to be fully elucidated, subjects appear to fixate those
items of a picture that are salient in their cognitive processes of
the moment (see Chapter 3.I.A.3).

Cooper (1974) reported that, under certain circumstances, fixations
appear to be spontaneously controlled by the meaning of currently heard
language even when the acquisition of visual information is unnecessary.
When subjects are simultaneously presented with spoken language and a
visual field containing elements which are semantically related to the
ongoing oral language, subjects tend to look spontaneously at those
visual elements most closely related to the meaning of the language
currently heard. This technique is characterized by an extremely rapid
saccadic response to elements of the heard language, but, ideally, it
appears that this rapid response may not disrupt the ongoing language
processing.

Using a paradigm in which visual information was necessary to the
task, Carpenter and Just (1972) probed the type of internal representa-
tion which the reader derives from language by presenting the readers
with a sentence or question which had to be verified or answezed by
acquiring visual information from a picture. They predicted that sub-
Jects would internally represent "few" (a negative quantifier) differ-
ently than they would internally represent "a minority" (an afirmative
quantifier). Indeed, they found that the location of the first fixation
on a pictorial display varied as a function of the manner in which the
two quantifiers were internally represented. slthough Carpenter and
Just used written language, the same technique could be employed with
spoken language.

This procedure, once the limits of its efficacy are understood,
offers a prospect of the greatest importance. If the phenomenon is
stable and if experimental situations can be devised in which this
method reliably reflects the subject's internal representaticn or inter-
pretation of spoken language, it will offer a powerful tool for probing
verbal comprehension.
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IT. PROCESSING TELEVISION DISPLAYS

RECOMMENDATION: The NIE should support the exploration of moment-to-

moment information intake and processing mechanisms
involved in the encounter of the child or adult with
television. This is a research priority of highest
order, for which eye-movement technology is a sine qua
non. The general needs are: (1) to record the sequen-
tial behavior of the eyes (saccades, fixations and
smooth pursuit) as well as the point of regard of the
subjects' eyes on the televised display; and (2) sub-
sequently to relate this pattern of eye behavior (a) to
moment-to-moment analyses of the dynamic stimulus and
(b) to theoretical conceptions about the operation and
development of assimilatory mechanisms, short-term
memory and/or processing, and the elaboration of
knowledge.

Television is increasingly relied on as a medium through which
information of complex and subtle sorts is provided to very large
numbers of people of all ages, from all social groups. 96 percent of
Anerican homes today have television sets; over 90 percent of households
with incomes less than five thousand dollars have at least one set. For
a large proportion of literate Americans television has come to rival,
if not supplant, the print media as a source of information about the
world. For the pre-literate child and for the non-literate adult the
importance of television is even greater.

Television is increasingly relied on as a medium of instruction,
both in school and at home. For pre-school children. in particular, and .
for all people to some degree, all television is instructional, whether
or not it has been so designed. The power of television to teach a
deliberately designed curriculum, and its cost effectiveness in deliver-
ing that instruction, have been amply demonstrated and have led to the
remarkably rapid growth of instructional television in the past decade.
In the future, much wider use of the medium for instructional purposes
is sensible and inevitable.

Television has been successfully used as a medium for reading
instruction. Certainly for beginning reading instruction, and possibly
for more advanced instruction, television has unique capabilities for
making the printed code accessible to the learner. Increased use of
television to teach and to motivate reading is desirable and probable.

Considering the ubiquity of television sets, the endless hours of
television viewing and the impact of television on every facet of con-
temporary life, from pre-school education to electoral politics, it is
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startling to discover the poverty of theory and the paucity of empiri-
cal information about how information is received and processed from
television.

There is a general need for descriptive studies that examine not
just what information people extract from television but how they
extract and process it. We need to investigate the ways in which people
of all kinds extract information of all kinds from television displays
of all kinds. Television is a dynamic medium in which sequences of
images and sounds are presented over time. It must be perceived and
understood as it moves. The need is for research which can monitor
the viewer's responses as they cccur in real time. Eye-movement re-
search, for reasons set forth earlier, has clear advantages in this
regard, yet eye-movement recording has been little used.

Considerable research of other kinds has been done on television
(see Lesser, 1974 for a review). Studies have investigated, for exam-
ple, the social effects of television, the extent and patterns of use
of television, and the instructional effectiveness of particular pro-
grams. But all of this research says nothing about the moment-to-
moment processing of information by the viewer while he is watching.

Nor has television been thoroughly researched for its intrinsic
power to teach. Research on instructional television has tended to
measure achievement of the educational goals of particular programs
rather than investigating how these gains have been achieved or why
they have not been realized. That television does teach is quite well
documented (Ball and Bogatz, 1973; Briggs, 1973; Fowles, 1973; Rovet,
1974); but how it teaches, the processes by which the outcomes have
been achieved, the extent of its instructional limitations, the degree
to which it is unexploited and (perhaps the key question) the rela-
tionship between the clements of the televised message and the viewer's
perception and cognition have had but light interest from capable
researchers.

There have, however, been small and encouraging beginnings. An
extremely useful body of formative research, done principally by Palmer
and his colleagues at the Children's Television Workshop, has begun to
explore questions such as those this chapter proposes be studied.
Formative research of this kind is rarely published, since it is
usually rapid and informal, performed with small samples, and addressed
to program-specific issues (see Palmer, 1972). Nevertheless, the work
done by researchers at CTW and by others under its sponsorship clearly
indicates that these questions are amenable to systematic investigation,
and that the results cf such investigation would have profound implica-
tions for improving the quality of effectiveness of instructional
television. Of particular relevance to this report are the studies by
0'Bryan (1975) using eye-movement recording techniques in studies of
viewer responses to The Eiectric Company. Results of these eye-movement
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studies have led directly to changes in program design and raised
questions of considerable general importance, for example, about indi-
vidual differences in responses to televised images.

We recommend that NIE support research on the acquisition and pro-
cessing of information from television for four reasons: first, because
television is a mass medium of communication whose structure has not
been adequately investigated despite the fact that it is ineluctably
there to be studied; second, because the unique inherent characteris-
tics of the medium shape the very nature of the messages transmitted
on it, the way in which those messages are received and processed and
the cognitive structures of the viewer; third, because the special
properties of the medium have unique value for direct and indirect
instruction; and fourth, because television can reach and teach
several of the populations with whose particular needs NIE is especially
concerned. The four sections of this chapter correspond to these four
points. Their sequence is not arbitrary: as understanding grows of
the structures of televised messages and their special properties, more
enlightened research can be done on how those messages are received and
processed by viewers and on the nature of the cognitive structures
produced. This can lead in turn to more informed use of the medium for
instruction generally, for reading and other essential skills particu-
larly, and for addressing the information and education needs of special
populations of viewers.

A. ANALYSIS OF THE MEDIUM

Television, considered as a medium independent of any particular
content, is a conventionally crganized system of mass communication,
the meaning of whose elements is shared by its audience. It is in this
respect like the print media, and the Himalayan reason for studying
reading (because it is there) applies as well to television. The con-
ventionally agrzed-to elements of the television "code" and quasi-
syntactic rules according to which those elements are combined are
used deliberately and consistently by those who make television pro-
grams; but they have yet to be subjected to any systematic formal
analysis. Since television is so widely relied upon as a source of
information, it is important to discover precisely what are the conven-
tions by which messages on this medium are organized and understood.

RECOMMENDATION: The NIE. should support the articulation of theoretical

analyses of the elements of the television code and
the structural rules by which those elements are
temporally and spatially combined, and research to
test and refine these analyses.

Television combines sound and visual images which move in time.
Television is therefore temporally organized: there is a temporal
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sequence of sound and a temporal sequence of images. The two sequences
obey different but occasionally complementary organizational rules
which govern the combination of visual and auditory elements. Makers
of television observe the rules quite scrupulously in order to ensure
the intelligibility of their efforts.3 Fine distinctions and choices
are made between very similar shot sequences in the knowledge that the
distinctions are real and the choice will affect the message communi-
cated. For example, a director can elect to cut from a wide shot to

a close-up of an item of interest, to zoom in optically on that item
while the camera remains stationary, or to move the camera itself
closer and closer to the item of interest until it fills the screen.
Each of these variations communicates a subtle but identifiable message.
The cut to a close-up respects the viewer's sensed need for a closer
look but the impact of the close-up will vary with the intensity of the
need as determined by the dramatic context. The sudden zoom in, on the
other hand, carries its own dramatic weight, and conveys a sudden and
surprised attention to an element within the wider field of view.

(A sudden zoom out is an infrequent device except in live coverage

of unscripted events where it often is simply the instinctive reaction
of an individual cameraman to having momentarily lost his place in the
event. Here again, the visual effect conveys a clear message to the
viewer: the appropriate detail has been lost, resulting in momentary
confusion; and there is a need to recentrate the entire scene and to
reallocate attention within it.) The dolly in to a close-up has the
effect of moving the viewer as well as the image; the camera is the
viewer's surrogate and is briefly endowed with the mobility the viewer
himself might have were he in the scene he is watching.

Elements of the sound track are combined in similar, rule-governed
ways. The choice of on camera or voice-over speech, of musical theme
and instrumentatioun or of sound effects is made carefully in the knowl-
edge that whatever choice is made will quality the message communicated.

As there are conventional rules by which visual and auditory ele-
ments are assembled into scenes, so there are conventional rules by
which scenes are combined in larger segments of programs. Scenes begin
and end in predictable, conventional ways, as do transitions between
scenes. For example, if the viewer is to be led back in time through

30ne soap opera director, for example, recognizing the necessary
predictability of situations and shots in that dramatic form, developed
a short-hand code for use in issuing instiuctions to his cameramen. A
"™Mickey Mouse' was a two-shot over the shoulder of the woman to the man
seated next to her on the couch. A "Minnie Mouse" was the reverse shot,
across the shoulder of the man to the woman. "Ring around the Castro"
called for the camera to follow the rise and movement of one of the
characters around that article of furniture.
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the memory of a character in a television drama, the sequence intro-
ducing the flash-back might begin with a close-up of the character's
face, his eyes directed away from, possibly above, the camera. The
close-up may or may not go out of focus or begin to ripple slowly,
but in any case there is a dissolve of images, not a cut, to the re-
membered scene. The dissolve will be immediately anticipated by and
accompanied by a harp glissando or some other musical effect intended
to convey that the action has now progressed to the interior of the
character's mind.

Because the medium combines visual and auditory components in
dynamic configurations of idiosyncratic detail, and because television
is free to move in space and time, the viewer needs at each moment to
be guided in his comprehension by the conventional rules of structure
he has come to expect. The visual and auditory elements of the tele-
vision code, and the conventional rules which organize their combina-
tion, are numerous, flexible, and subject to change. Some have derived
from earlier film shooting and editing procedures. Increasingly, as
the electronic technology of television develops and as understanding
of its potential uses grows, the conventions of television become more
medium-specific. The very flexibility to change of the conventional
rules requires that they always be evident, since the structure of the
message must be clear if the content of the message is to be
intelligible.

The structural rules of television must be articulated and analyzed
if we are to understand the nature of this enormously powerful medium
of mass communication and if we are to use it effectively for
instruction.

Some efforts in this direction have been made (Gibbon and Palmer,
1970; Hochberg and Brooks, 1973; Rust, 1971; Salomon, 1972; Llesser,
1974; and Gibbon, Palmer and Fowles, in press), but they have been
neither as systematic nor as exhaustive as necessary. Furthermore,
with few exceptions, these theoretical analyses have not been tested
empirically. A combination of eye-movement recording while the pre-
sentation is being seen and after-the-fact measures of recall and
comprehension would be useful in this regard. Comparisons of these
kinds of data across carefuliy controlled alterations of the presen-
tations would permit testing and refinement of the analyses.

B. PROPERTIES OF THE MEDIUM AND PROCESSES OF THE VIEWER

The physical properties of television and the structural conven-
tions by which units are combined in messages, condition the content of
the messages themselves, the manner in which those messages are per-
ceived, processed and stored, and the motivational and arousal effects
of the messages. This notion is much acknowledged and little studied.
Marshall McLuhan (1964) among others, has discussed the nature of the
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the medium and its effects on the viewer's mind in some detail; but his
metaphoric and hyperbolic discussions have yet to be presented in lan-
guage attractive to science. In the absence of any other theoretical
constructs, however, his assertions merit the effort of translation.

Television is itself a source of light (and sound), not merely &
light image reflected from a screen. The light comes from a grid of
phosphorescent dots which is scanned thirty times a second by a beam
of electrons which excites the phosphors. The beam is modulated so as
to cause certain dots to phosphoresce more strongly than others,
creating a recognizable image on the screen.

Because of the small size of the television screen only a small
amount of visuyal information can be provided at a given moment. Because
of the low resolution of the display, sitting close to the screen does
not increase the amount of detail that is available to the viewer; in
fact, it may actually decrease the information he can receive. There-
fore, in order to present a scene or situation with sufficient richness
of detail to make the presentation informative, close-up images of
important objects like faces must be presented in fairly rapid succes-
sion. These close-ups are periodically punctuated by wider shots which
assist the viewer in assembling the smaller views into a coherent recon-
struction of the entire scene.

Thus, the physical properties of television have dictated the
essential form of tue messages transmitted on it. The physical pro-
perties of the medium and the resulting basic structure of the messages
both obtain regardless of the content of the message. And they are
present in live, video-taped, filmed, and animated programs alike.

It may be seen that there exists a rough analogy between the rapid
succession of close-up images by which information is presented on
television and the rapid succession of fixations made by the eyes in
acquiring information about the environment. This analogy, and related
considerations, should be explored. If the analogy holds, and if other
analogous relations can be found to exist between the structure of the
medium and the perceptual and cognitive structures of the viewer, tele-
vision's effect on viewers may be powerful indeed.
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RECOMMENDATION: The NIE should support eye-movement research that

) explores the moment by moment relations between the
special structural properties of television and the
perceptual, cognitive, and affective processes of
the viewer. Such research should consider these
relations as a function of the age, knowledge, skill,
purposes, and cognitive style of the viewer. NIE
should be prepared to support, as a part of this
research, small-scale experimental production of
television and film material and the design and
production of computer animation that allows on-line
modification of the stimulus while the viewer is
watching it.

The sequence, rate, rhythm, salience, and comprehensibility of
television presentations have been held to determine the degree and
locus of visual attention elicited by the presentation and the level
of arousal evoked. Both attention and arousal are likely to be re-
flected in the eye-movements that are made by the viewer.

The comprehensibility of the presentation may be related to the
viewer's eye-movement governance in the following more complex way.
The succession of close-ups necessary.on the small screen to provide
information about a larger scene must be integrated by the viewer into
an assemblage or cognitive structure in which each of the informative
shots takes its proper place in relation to the others. As has been
suggested above, this sequence of shots simulates in a gross way the
succession of views that would be received if the viewer had pro-
grammed his own eye-movements, directing his cyes in succession to the
places from which information was to be obtained. If the succession
of televised views is similar to those which the viewer would have
received as a result of his own eye-movement executed inquiries and if
the rate of presentation approximates the rate of acquisition to
which the viewer left to his own perceiving would have been disposed,
the scene should be rapidly comprehensible. With lessened corres-
pondence to the viewer's own inquiries or expectancies, the compre-
hensibility should decline. On the other hand, the conspicuous ab-
sence of an expected view at the end of an otherwise comprehensible
sequence may serve attentional and arousal purposes. For example, when
the viewer is shown an actor's horror-struck face and is denied infor-
mation about the image that evoked the horror, the effect may be to
enhance the viewer's expectancy to the point of suspense. Attention,
arousal, and comprehension, then, should depend on the extent to which
the presentation approximates, or departs in orderly ways from, the
patterns of perceptual search which are more normally maintained
through the mediation of .eye-movements.

If this analogous relationship between the viewer's perceptual
process and the organized sequence of television images is found to be
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true, it may be possible to study the perceptual process by manipu-
lating the order and rate of the presentational sequence.

Because of the large spans of space and time which can be conveyed
by the succession of disparate views on the small television screen,
the structures that inform and sustain the expectancies must be larger
and more general than those normally included in the concept of percep-
tual processing. The structures are cognitive ones, and the successful
sequences of views may be successful because they model cognitive pro-
cessing. That is, they may provide the sequential units of information
in ways that are most compatible with the sequence in which the viewer
is prepared to deal with them. Again, to the degree that this specula-
tion can be supported by research, the reciprocal relationship would
maintain: studying television sequencing would help us to understand
cognitive processes at the developmental stage of the viewer, and
understanding cognitive processes would help us to improve the efficacy
of television instructional and communicative material.

Television's effects on arousal are worthy of study, for it appears
that television messages, however intellectual their content, are
heavily loaded affectively. Newscasters are preferred for their human
qualities, not because of the news coverage they provide. Close-ups of
faces are scanned attentively for indicaticns of emotion even when the
face is speaking of matters of challenging intellectual import. Actors
in film and television know well the power of the close-up, and they
allow it to do their work for them. The viewer empathically endows an
impassive face with the expected emotion; an attempt by the actor to
communicate the emotion with a facial expression, as he might on the
stage, runs the risk of overstating and therefore falsifying the very
emotion he seeks to communicate. The affective impact of televised
images extends even to abstract shapes in animation. A triangle that
has been made to dance has been given electronic life, and the viewer
responds as he would to other living things seen on the screen.

Television's capacity for juxtaposing and combining fantasy and
reality may have powerful effects on the cognitive structures of the
viewer, especially the young child. Electronic effects such as
chromakey -- a way of combining images from two cameras -- have the
power to perform magic with apparently real images. A television
character can talk to another image of himself. Scale cues can be
deliberately distorted, making the actor appear huge or tiny relative
to the surrounding set. The television screen provides, of course, a
two-dimensional image, but usually that image is of a three-dimensional
world. Chromakey, however, can place a live performer in a two-dimen-
sional field. The curious effect that results shows a real three-dimen-
sional person, removed from his three-dimensional environment and float-
ing on the surface of the screen. This and other television devices may
have the effect of blurring the distinctions between the categories into
which experiences are sorted. The dancing triangte is no longer a
symbolic representation of an abstract idea. It has been seen, and
therefore known, as a creature with genuine, if fantastic, life. The
flying nun can indeed be seen to fly; the credible, visible evidence
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is there for the viewer to behold. Experiences such as these may
frequently be taken to be real and true by young viewers, and may
condition their responses in subsequent encounters with triangles, or
nuns. Eye-movement research might inform such speculations. It might
be inferred from eye-movement patterns, for example, whether a viewer

is searching the screen for clues as to the nature of the magical event.

Implicit in the foregoing discussion is the assumption that the
relations between the physical and structural properties of television
and the perceptual, cognitive, and affective processes and structures
of the viewer will vary as a function of the viewer's age and level of
cognitive development, his knowledge of the rest of the world, his skill
in interpreting visual and auditory messages, the purposes for which he
is viewing, and his cognitive style. The precise nature of the varia-
tions, however, needs to be carefully explored. This suggestion
appears separately listed below, but care should be taken to control
for these factors in all the studies undertaken under the general
recommendations of this section. There follows a list of questions for
research. This list is by no means exhaustive, but rather illustrative
of the range of topics to be explored.

(1) What television (or film) techniques reduce irrelevant data
search and how is this reduction related to information processing and
concept formation? Research to be directed at this question might
include eye-movement and verbal report studies of such techniques as
cutting, zooming, animation, bordering, etc. The data obtained would
lead to the formulation of hypotheses regarding match-making between
extracted process variables and presented stimuli. Can the material
presented in the television sequence be made to approximate more close-
ly theoretical processing limits imposed within the viewer? For exam-
ple, Pascual-Leone's (1970, 1973) model of cognitive processing may be
amenable to this type of investigation, since it enables predictions
to be made concerning the amount of cognitive space required to pro-
cess various information segments. These segments could be presented
on television and/or film and the input measured by eye-movement and
verbal report data. This type of study has implications for both modi-
fication of the cognitive space theory and for production techniques.

(2) Can or does televisicn or film material alter visual and
cognitive processing? Is there a structural change brought about as
a result of viewing television? Are there differences in visual and
cognitive processing either for television viewing or film watching?
Are there differences in processing static images, real world data
and dynamic television or film stimuli? Research approaches here might
include comparison of eye-movement patterns generated among subjects on
presentation of stimuli from the various modes mentioned above and
concurrent data taken on recall, comprehension, etc.

(3) What are the effects of the various media on eye-movements
per se? We are unsure of the impact on the eye control mechanisms
caused by the physical or structural properties of television and

nie conference on visual information processing

03




3-40

film. What, for instance, are the perceptual parameters of the
"Zombie'" viewer whose eye-movements seem to "freeze?" 1Is there a
reduction in eye-movements on televised stimuli compared with static
stimuli of similar content? MNoes the small screen presentation have
any differential effect on parafovial or peripheral processing compared
with larger screen presentations? Descriptive and comparative studies
are a needed first step.

(4) What effect do techniques such as incongruity, denial of
needed information, startle factors, tension building through stretch-
ing or compressing time have on viewing patterns? Do responses to
these techniques provide insights into changes in visual or cognitive
processing? How do they change expectancy patterns? Under what condi-
tions do they increase or diminish learning potential? How do their
effects vary with different viewers, with different viewing purposes?
The type of research which might be undertaken could include studies
in which the techniques were varied for different types of individuals
and groups. Eye-movement patterns could be monitored to determine areas
of particular fixation, information search, expectancy patterns and
such. Allied with arousal measures and matched with other reports and
observational analyses, these patterns might well provide very rich
data which could lead to the sort of instructional theory development
described below.

(5) What levels of affective reactions occur with variations of
the type described abcve? What demands are placed on the viewer and
how does he respond? How do varied rates and sequences of presenta-
tion affect eye-movement patterns and level of arousal? This research
would coordinate points of regard with such psychophysiological measures
as G.S.R. and E.E.G. The technical difficulties of such studies are
formidable, but once the problems have been solved, the pay-off is
likely to be high. NIE should be prepared to fund the development of
this combination of technologies.

(6) What differences and similarities exist between children and
adults of different ages, levels of development, degrees of knowledge
about the world, reading skill, etc., in their viewing of television
segments containing a wide variety of modes of presentation? Specifi-
cally, this type of study would attempt to classify groups of adult
and child viewers according to cognitive style variables, ability
variables, achievement levels, etc., and using eye-movements as the
dependent variable, observe patterns of viewing produced by differential
presentation of televised segments.

Experimental Production

Research of this kind, and of the kind described in the next sec-
tion, is of limited value unless the researcher has the capability of
manipulating and recombining stimulus elements. NIE should provide
funds for editing existing televised material and for production on a
small scale of experimental television material designed expressly to

nie conference on visual information processing

Ui



3-41

meet the experimenter's needs. Computer-generated dynamic CRT displays
which permit real-time, on-line manipulation of the image may provide

a source of much useful pilot research. Manipulations carried out on
computer displays can then be studied using more conventional television
techniques under conditions of more sustained viewing. Here, as with
reseair:h on reading, the limitations of simulation are firm. To under-
stand television, we must do research on television.

Odtrusiveness of Measurement

The need is great to study television viewing behavior in circum-
stances approximating those in which television is customarily viewed.
The scarcity of eye-movement data in studies of television needs to be
remedied, and many useful studies can be done using presently avaiiable
head-constraining eye-movement recording devices. 0'Bryan reports that
children approximately ten years old can easily accommodate to the
obtrusive equipment. Nevertheless, there need to be eye-movement
studies conducted in which the television viewer sits comfortably before
the screen, undisturbed by a formidable laboratory setting. This is
especially true for studies of young children's viewing eye-movements.
The EC&C oculometer at the U.S. Army Huuan Eng’neering Laboratory, and
possibly the head-free Honeywell oculometer (see Chapter 4 and Appen-
dix), are the only instruments presently available which permit eye
behavior to be monitored in wn unconstrained situation. These instru-
ments should be used for descriptive studies of eye-movements in
response to television, especially with young children, and the data
should be compared with other data on the same stimulus materials which
has been obtained with more obtrusive equipment.

C. TELEVISION AS A MEDIUM OF INSTRUCTION

The third argument in favor of NIE's support of the study of tele-
vision builds upon the first two: the conventional rule-governed struc-
ture of television messages, and the special perceptual, cognitive and
affective properties of those messages endow the medium with a unique
value for instruction.

RECOMMENDATION: The NIE should support research that explores the

limits of television's intrinsic power to iastruct,

to model cognitive processes and to aid in the con-
struction of mental representations. Such resesarch
should examine the instructional effects with respect
to the characteristics of viewers. Small-scale experi-
mental production should be supported. NIE should
encourage research that relates to and advances the
theories of imstructional television.
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It was suggested earlier that current theoretical conceptualiza-
tions of cognitive development regard visual search patterns as unique
action systems by which objects and relations in experience are iden-
tified, and the storage of the programs for such actions is regarded
2s the basis for memory or knowledge. We suggest that televised
sequences of images and sounds, organized as they are according to
rules which may be analogous to the processes of perception and cogni-
tion, pre-organize the viever's experience in a manner which facili-~
tates its encoding and storage. If this suggestion is true, and it
can be offered here only with the greatest diffidence, then the power
of television to teach early, quickly, and effectively is awesome
indeed.

Television has the capability of enlarging the viewer's repertoire
of experience. It can transport the viewer in time and space, in
fantasy and reality, to allow him to see, to hear, and to know remote
people, things, places, and events. Animation and electronic effects
allow him to experience visual representations of concepts and rela-
tions which are otherwise not amenable to direct sensory exploration.
In each instance, the structural rules of the medium are applied in
the design of the message. Whether the content of the program concern
the mating of whales in the Gulf of California or the mathematical pro-
perties of space-filling curves, the viewer's perception and cognition
are guided and sustained by the conventions of the medium.

The capa ity of television to extend the viewer's experience to
include parts of the tangible world he might otherwise not know has
had powerful effects on the population of this country. Within the
space of a few years we have been shown the Great Wall of China, the
Kremlin, the moon, and a range of events that cstartles anyone who grew
up in the absence of television: wars, assassinations, sports events
from around the world, a presidentizl resignation, even an on-air
suicide. We have come to expect of television that it provide us with
these vivid experiences. Yet scientists concerned with learning and
knowledge have examined neither the processes by which these vivid
experiences are assimilated nor the shape of the new knowledge acquired.
Both are worthy of detailed study. For example, given the variety of
experiences available from television, it may not always be easy for
the viewer o determine under what categorical rubric an eXperience must
be stored. Leifer reports (personal communication) that an interview
with one 13-year-old viewer, conducted to assess his skill in critical
analysis of television, revealed that he believed The Rookies to be
"more real" than the news. His argument was reasonable: The Rookies
showed him events as they were happening, while the news reported them
after the fact. This may or may not be an extreme case, but another
tentative finding reported by Leifer underlines the importance of the
issue. The young teenagers she has interviewed have been virtually
unanimous in indicating that they watched television to learn. The

Rookies is, of course, a learning opportunity just as important to the

nie conference on visual information processing

66




3-43

viewer, if not to his teacher, as a Jacques Cousteau special. The
former shows him important things, like how a gun works, how adult males
communicate at work, how you talk on a two-way radio, or what a police-
man wears after he takes off his uniform.

Television teaches all the time. We must discover why and how it
does so, and we must discover in detail the products of the learning.
Particularly we must investigate how the structure of the product re-
lates to the structure of the presentation. Eve-movement studies are
critical to this understanding. Through eye-movement studies we can
discover the patterns of visual attention to the programs which can
then be related in detail to the learning outcomes. Eye-movement
patterns may, for example, reveal search for clues on which critical
assessments are made about a program's reality or credibility.

Because television can be watched at home, it enjoys a special
status as a learning opportunity. Unlike many school situations, tele-
vision is non-punitive. Television shows to the viewer, but it doesn't
see him; it speaks to him, but it doesn't listen. Television cannot
judge the viewer's performance. This is of course both an advantage
and a drawback: the viewer is not threatened by television and need
not be apprehensive of his experience of the televised message; but
the transmitter of the message has no way of judging the viewer's
response and altering the message accordingly. The no-feedback charac-
ter of televised communication makes research on television essential.
At present the maker of television must rely largely on intuition to
guide him in the design of his messages. Precise laboratory research
and theoretical knowledge are necessary if accurate estimates are to
be made about the degree and locus of attention being paid to the pre-
sentation moment by moment, and about how well the content is being
comprehended. Two lines of inquiry must go hand in hand in order to
achieve this end: (a) we need to know the factors that govern how
attention is deployed within the display and the factors that determine
how well the display will be comprehended, so that we can design the
presentation well in the first place; (b) we need to measure how
effective the instruction is in the laboratory situations in which
we can obtain precise feedback about attention and comprehension. This
will enable us both to estimate whether attention and comprehension will
be achieved with the much larger distant audience from whom feedback
cannot be received, and to correct and sharpen our theoretical models
or proscriptors about how to manipulate effectively the factors that
determine these variables.

If television's power to expand the viewer's experience of the
actual is impressive, still more impressive is the capability of the
medium to make sensorially available abstract concepts and relations.
An example from Sesame Street may illustrate. One of the program's
goals is to teach its viewers what a rectangle is; another is to help
him learn to discover embedded figures in his environment. The two
goals are combined in a deceptively simple segment. A wide shot is
shown of the Sesame Street setting. The viewer is invited to look for
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rectaggles in the picture. After a moment, an art card outlining the
rectangles is super-imposed, so that the rectangles embedded in doors,
windows, and signs are made salient. 3Slowly, the image dissolves
through to the art card along. The v ewer now sees the rectangular
figures extracted from the noisy ground of the street set, but in
exactly the positions in which they were initially to be found. After
another moment, the image dissolves slowly back to the super-imposition,
and finally back to the original shot of the street. It should be noted
that this otherwise undistinguished piece of production presents ¢c the
viewer an experience not available to him under any other circumstances.
The segment does more than merely point out the rectangles embedded in
the scene; it models for the viewer the actual process by which the
geometric form is abstracted from its multiple noisy occurrences in

the environment. At the moment when the rectangles alone are seen
their commonality, and the principle which clusters them together as
rectangles, can be seen. It seems unnecessary to suggest the value of
eye-movement recording to examine viewer response to segments of this
kind.

Not only can television model cognitive processes, it can assist
the viewer in forming mental representations of the processes and the
concepts formed. It seems likely that a young viewer of the segment
described would scan the final wide shot of the street differently
from the way in which the initial shot was scanned, not just because
he now knew where the rectangles were hidden, but because his cognitive
repertoire of representations of reality and his store of action sys-
tems by which to explore reality had been enlarged.

There is at present no theory of how learning from television
occurs. Such a theory is badly needed if instructicnal television is
to make full use of the medium. A theory of instructional television
must be based on full empirical examination of the perceptual and
cognitive processes engaged duiing the viewer's experience of tele-
vision and a moment-by-moment relating of those processes to the fea-
tures of the dynamic display.

Previous studies of learning from television have tended to collect
after-the-fact data. Segments or full programs are shown, and only
after their conclusion is the subject tested. Methods have included
verbal reports (Fowles, 1973), observational analyses (Ahlwat, 1971;
Liebert, Neale and Davidson, 1973), developmental analyses (Rovet,
1974), and multi-variable recall studies (Salomon, 1972). While this
work is of value in assessing the overall outcome of programs it does
not reveal the processes of learning as they occur in response to the
dynamic stimulus. Studies which have attempted to assess viewer reac-
tions during the course of the segment or program (De Vries, 1970;
Liebert, Neale and Davidson, 1973) are few and have relied for the most
part on observer checklists. Rarely indeed (Wolf, 1972; O'Bryan and
Silverman, 1973; Briggs, 1973) has any part of the interaction +f the
subject wi'h the program been directly observed in real time. In each
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of these studies the viewing patterns of the subject were investigated
by monitoring his eye-movements -~ a procedure which appears to hold
great promise for empirical study in the general research areas noted
above and for the specific suggestions listed below.

(1) What are optimal time sequences for presentation of material?
How may these be strivctured to direct looking behavior at the salient
instructional content? These questions could be investigated by exam-
ining the eye-movemer t patterns of individuals and classified groups
in response to segmerts varying in rate of presentation, length and
complexity. It migh. be expected that low ability and/or low achieve-
ment groups would rejuire instructional segments of less complexity,
lower rate and greatar length than other viewers.

(2) What are the relations of points of fixation to degree of
recall of information or acquisition of skill? The research called for
here would match the eye-movement patterns with various forms of infor-
mation recall tests and tests of skill acquisition. This would pro-
vide useful descriptive information on the correlation of point of
regard and apparent learning and could be especially valuable in modi-
fying instructional programs to focus attention on primary components.

(3) When and how does live and animated action, sound-over, direct
and indirect cueing, cutting, and zooming, etc., enhance or reduce eye-
movement patterns on the salient stimuli? The research design might be
initially formative, to revise and improve programs or segments by
testing the effectiveness of various production techniques on the direc-
tion of attention as indicated by eye-movement patterns. Individual
differences would be assessable through suc:' research, and group
differences could be studied as well. The medium makes possible stimu-
lus modification and creates excellent opportunities for experimental
studies.

RECOMMENDATION: The NIE should support research that explores the

limits of television's power to teach and to moti-
vate reading. Small-scale experimental production
should be supported.

Television's special advantages for reading instruction, especially
for beginning reading, derive from the properties and capabilities
described above as having general value for teaching abstract conceptual
relations. Printed language, as it is most often erncountered, is static
and unchanging. Yet the beginning reader must learn that this static
representation encodes a most dynamic phenomenon: the stream of spoken
language. He must understand that a particular arbitrary spatial
arrangement of print corresponds to the temporal arrangement of spoken
language. He must learn that the printed code is based on a complex
and not readily perceived phonemic analysis of spoken language. He
must learn that the correspondence of spoken phoneme to printed grapheme
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is not always regular, that more than one speech sound can be encoded
by a single letter or letter group, and conversely that a single speech
sound can be written in different ways. Finally, when he has mastered
all these strenuous analytic feats, he must forget them and resynthesize
the elements of the printéd code and the spoken language they repre-
sent so that meaning can emerge.

Television has the power of making the formidable principles of
the printed code much more easily accessible to the beginning reader.
It can do so for two reasons: first, because it can visably animate
and manipulate printed elements of the code; and second, because it
can present the animated code in synchrony with its spoken counterpart.
For example, parts of words or sentences can appear serially as they
are spoken or they can be moved apart and together in a visually con-
crete demonstration of the abstract analysis and synthesis skills that
comprise blending. These techniques are alsoc available to the class-
room teacher with a set of flashcards and a pair of scissors. What
television can do that the classroom teacher cannot is to animate as
well as move the units of the code. Salience of words and parts of
words can be achieved through color-keying, size distortion, flashing,
etc. These devices serve to draw the viewer's attention to important
parts of the visual stimulus, and they can.be used in precise synchroni-
zation with the spoken sound track. Furthermore, they can be used
dynamically: the cues can be introduced and then withdrawn within the
same segment so the viewer is not implicitly encouraged to look for
them or to rely on them in subsequent reading. Not all of these devices
work equally well. Some cueing techniques, while attracting the
viewer's gaze to the salient element may in fact distract him from the
process to which he should be attending.

Studies by O'Bryan and Silverman (1973) and Briggs (1973) have
indicated that eye-movement patterns are markedly responsive to dif-
ferences in presentation of program segments in television reading
programs and can be expected to vary substantially according to the
subject's level of skill in reading. These studies, originally forma-
tive in nature, have occasioned program changes that have produced
predicted changes in viewing patterrs among poor readers and illiterates.
Furthermore, there is some evidence (Mock, 1974) that these modified
viewing patterns reflect a better attack by the learner on the presented
stimuli and that this, in turn, leads to mora effective learning of the
instructional segment. However, this research is at a very premature
stage, and further studies need to be conducted to provide a clear
assessment of children's viewing patterns on dynamic reading instruc-
tional stimuli. Accordingly, the following research questions are
icdicated:

(1) Wwhat analysis and synthesis skills can be examined using eye-
movements, and how does effective blending take place? Can viewing
patterns be used to predict effective analysis and synthesis in reading
static printed materials? This very complex area of human information
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processing is particularly amenable to research using telewvision pre-
sentation and eye-movement recording. Essentially, the research
envisaged would relate the eye-movements of subjects watching dynamic
presentations of word and sentence analysis and synthesis to their
acquisition of the skills and concepts. It is likely that such studies
could lead to the generation of new techniques of presentation and to
substantial refinement of existing production methods.

(2) What is the effect of exact repetition of program segments
designed to teach reading skills? Do subsequent repetitions cause
viewers to change their scanning patierns? If so, does the change
occur as movement toward more efficient eye behavior? Are saliencies
more or less well attended over repetitions? How do these factors
interact with age, skill, etc., of the viewer?

(3) Does television's capacity for dynamic presentation offer
special instructional or research opportunities where metalinguistic
concepts are concerned? Can the development of such concepts (e.g., the
left-right sequence of letters and words; notions about the meaningful-
ness and functionality of written communication) be enhanced by pur-
poseful programming? If so, it is expected that changes in the eye-
movement patterns of the learners might reflect the acquisition of
these concepts. Exploratory research will be necessary to dev rmine
the influence of individual and group differences upon the formation
of these concepts. Subsequent experiments, using eye-movement patterns
as dependent variables, could then aid in the formative evaluation
segments designed to teach metalinguistic concepts.

(4) What approach and avoidance patterns are discernible in eye-
movements directed toward printed stimuli? How may these be countered
through production modifications? This research might investigate the
ability of the medium to counteract avoidance of print by poor readers,
especially by adult illiterates and non-readers. Eye-movement records
could be taken to examine the effectiveness of program segments in
directing the viewer's line of sight to the print and inducing atten-
tion to the critical or salient aspects of the print stimulus; the
ability of the segment to overcome avoidance behavior might be directly
tested, and elements of stimuli or modes of presentation which increased
avoidance-type eye-movement patterns could be detected.

(5) How do eye-movement patterns of viewers skilled in reading
televised reading instructional segments compare with their eye-movements
on conventional printed pages? Are the skills modeled on television
actually acquired and if so, how is their successful application in
normal reading reflected in eye-movement patterns? What non-broadcast
printed materials most facilitate the transfer of skills from television
to the printed page?
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D. TELEVISION AND SPECIAL GROUPS

Among the populations that television reaches and teaches are
several whose particular needs are of concern to NIE. Jelevision is
accessible to a much wider diversity of people than is print. It is
watched regularly by children at least as young as 18 months; it can
be watched, and with minimal difficulty, by illiterate or aliterate
adults for whom print jis impossible or aversive; it is less language-
bound than reading and is therefore, at least in part, accessible to
speakers of languages other than standard English, for whom the vast
preponderance of printed matter in this country may present problems.
These viewers come uncoerced to this mode of communication, and indeed
appear to find it intrinsically rewarding. Television provides them
with an essential opportunity to obtain information about the world;
if that opportunity is to be maximized we must better understand how
these viewers presently use the medium and how the properties of the
medium can best be exploited to meet their needs.

RECOMMENDATION: The NIE should support research that (1) investigates
the moment-to-moment intake and processing of infor-
mation from television by very young children, adult
illiterates and speakers of language and dialects
other than standard English, and (2) explores other
potential informational and instructional uses of
the medium to inform and teach these populations.

Very Young Children

Television has had a demonstrated, if not thoroughly understood,
effect on the learning of children as young as three. Most of the
available data on young children come from studies of Sesame Street
and The Electric Company. The former program is addressed to preschool
children from three to five years old. Initial assessments of Sesame
Street (Ball and Bogatz, 1973) relegated three year olds to a small
part of the total sample on the assumption that effects of the program
were likely to be least evident in this younger population. Subsequent
results indicated large effects in three year olds, possibly, effects
with viewers as young as two. The Electric Company is addressed to
seven through ten year olds, but audience surveys indicate that nearly
half the audience, almost all of those who watch at home, are pre-
schoolers. That three million preschool children should choose to
watch a program of reading instruction addressed to second-, third-,
and fourth-graders is startling indeed. At present, one can only wonder
about the effects of such a program on young children, since there has
been no systematic effort to study them. '

Indeed, very little is known about what television programs are
watched by young children or why and how they watch them. If any or
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all of the previously discussed speculations about the relation between
the properties and structure of television and the perceptual and
cognitive apparati of the viewer hold true, these relations should
have strong effects on the young viewer whose cognitive development
is in an early stage, and for whom television's pre-organized material
stould be particularly attractive. These young viewers, engaged as they
re in forming and revising predictive models of the operations of
reality, must find television singularly easy to predict. Their expe-
riences of television are therefore soon likely to be successful.
Furthermore, their predictive failures never lead to the dire conse-
quences attendant upon more immediate encounters with the real world.

If television is not only watched (as it has been observed to be)
but closely attended to, by children as young as a year or eighteen
months, then some of their predictive models of reality, initially con-
structed on the basis of their television experience, may be unfaithful
to the nature of the rest of the world. Fantasy and reality are often
indistinguishable on television, and the child's efforts to sort them
out in life may be made more difficult if he is a heavy and early tele-
vision watcher.

On the other hand, television can present the very young child with
pre-organized experiences which may help him discover relations between
objects and events which would not otherwise be perceivable by him
until he discovered them unassisted and much later. Television may
affect in important ways both the rate at which levels of cognitive
development are achieved and, possibly, the nature of the conceptions
acquired at various developmental levels.

Eye-movement studies of infants are exceedingly difficult to manage.
Haith (1969) has observed the eye-behavior of newborns using infra-red
light reflection and television cameras. It would be of interest to see
whether newborns scan television pictures in the same way they scan real
(or mirrored) images. Perhaps of greater interest would be the eye-
movement behavior of infants, six months old and older, in response to
television. This would require, of course, some highly unconstraining
instrumentation, and in fact may not be presently possible. Nonetheless,
if television is having effects on these young children, it will be
difficult to infer them from other data; and as with older viewers,
real-time process observations are necessary.

Adult Tlliterates

Adult illiterates already rely heavily on television for informa-
tion about their world. More deliberate use of the medium should be
made to address their particular needs. O0'Bryan has begun pilot studies
of eye-movements of adult illiterates watching The Electric Company and
suggests tentatively (personal communication) that the program may be
most useful in giving them basic beginning reading skills. Other
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reading programs designed specifically for this audience, and using the
full armamentarium of television techniques, should be produced. When
they are, formative eye-movement studies must be done as an adjunct to
program development.

Television may play a less direct, but important, role in helping
adults learn to read. Knowledge about the world is essential to reading;
for reading ultimately involves extracting meaning from text in an
efficient, comfortable, and rewarding fashion, rather than merely
decoding letter strings into sounds. Television can provide that infor-
mation to the illiterate, and enable him to break the vicious cycle
that leads from illiteracy to general ignorance to illiteracy. Demon-
strations of television's ability to motivate reading as well as to
teach reading have already been made; but the potential of this extreme-
ly broad-gauge application has yet to be fully exploited.

Television already is used as an alternative to reading by most
adult illiterates. This existing use of television should be built
upon and extended. Educational and informational programs for adult
illiterates could transmit most of the essential skills necessary to
social survival and advancement. For these programs to be successful,
however, more must be known about the purposes for which these viewers
presently watch television and how they extract, process, and compre-
hend the information presented. Eye-movement studies will be essential
to such research studies if they are to form the basis for subsequent
program development.

Studies of how adult illiterates view and comprehend television
will have a useful side-effect. It is difficult to identify and assess
the comprehension skills of illiterates by any of the means conven-
tionally used in school and classroom. Television provides a ready
store of appropriate stimuli for use in comprehension studies with
illiterates; and eye-movement recording, combined with post-exposure
testing of other kinds, would permit much more precise and exhaustive
data to be gathered than has heretofore been possible.

Speakers of Languages and Dialects Other than Standard English

Because of the relatively heavy emphasis on visual (as opposed to
auditory) information on most television programs, it seems likely that
many speakers of languages other than English watch and understand much
of what is communicated. They may learn spoken English from those
moments when a visual image is matched unambiguously with its language
equivalent. Surely there should be more programs produced in the
native languages widely used in this country, especially Spanish. But
it could also be important to study how speakers of other languages
process and comprehend programs in English. Results of these studies
could be of significant value in altering information programs for
general audiences so as to make them more informative to non-English
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speakers. Programs that relied more heavily on visual information and
less on spoken language could also be of value for deaf viewers. In
any such program development efforts, the central role of eye-movement
studies 1s clear.

Speakers of dialects other than standard English present an inter-
esting population for television research. Almost all netwo % pro-
gramming and most local broadcasting employ standard English speech;
yet, in the absence of alternative programning, these programs are
heavily watched by dialect speakers. It would be of interest to know
how television is used and understood by these viewers, especially young
children. Do young dialect-speakers, without other available sources,
learn to process in-coming standard English from television? 1If so
what visual referents do they use to confirm their understanding?

The design and production of television programs —- entertainment,
information or educational -- has in general proceeded on the basis of
the intuitive judgments of the makers. There has been little research
and less theory. What research has been done has tended to assess
main outcomes and gross effects. When formative research, addressed
to more fine-grained analysis of effects, has been included in the
design and production process, the programs have benefitted greatly.
There is a need for more formative research of this kind. Given the
persuasive examples of the value of formative research to instructional
program design, it borders on insanity for any future instructional
television efforts addressed to large audiences not to include a well
funded formative research component. The cost of such research is
miniscule compared to the cost of production, and the value of the
results for better programs is incalculable.

The broader and ultimately more compelling need is for more basic
and theory-based research on how people acquire, process and comprehend
messages from television. This research could not only improve the
quality and efficacy of television as 2 medium for the mass communica-
tion of information, but it might also reveal, in ways otherwise not
discernible, the functioning of those perceptual and cognitive systems
by which we encounter and deal with the world.
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IIT. OTHER APPLICATIONS OF EYE-MOVEMENT RESEARCH

The previous two sections have focused on the use of eye-movement
recording to explore processes involved in reading, picture scanning,
and television viewing. Within each of these contexts, research has
been reccmmended which probes both the information-processing mechanisms
assumed to be common to all individuals and the differences and unique-
nesses in the operation of those mechanisms which occur among and
within individuals. This section considers the value of eye-movement
research in exploring psychological states and processes not limited
to those involved in reading, picture scanning, and television viewing.

Given the central role of vision in the adaptational economy of
the human organism and the real-time connection between the behavior
of the visual system and the higher cortical centers which control it,
the rang> of studies for which eye-movement measures might be suitable
is quite broad.

Relatively predictable visual behavior is found to occur as an
accompaniment to task-oriented activity even when that behavior plays
no specifiabie role in the accrual of necessary information. As such,
eye-movements serve as an index of a higher level process -- a kind of
"psychomotor leakage of brain activity" =- rather than as an indication
of what information is being sought from the visual environment.

One example exists in the tachistoscopic literature. Many stimuli
are flashed at a subject too quickly for him to move his eyes. There
is empirical support for the notion that, as he tries to remember each
item his eyes move, in turn, to the position previously occupied by
that item. A similar phenomenon is reported in the dream literature
and by people who try to mentally reconstruct a visual scene. Their
"internal" eye moves to areas they try to reconstruct. Since eye
movements may reflect the sequence of mental processing of previously
available visual information it may be possible to study cognitive
analogues to the organization of visual scanning.

Eye contact is a behavior which frequently accompanies behavioral
interactions but little careful experimental work has been carried out
in this area. Yet, it has been claimed that eye-contact is the infant's
first social response. Careful work in this area has shown that eye-
contact by the baby with his mother occurs abruptly at 7 weeks of age.
Nothing is known about the neurological accompaniments of this event,
when it becomes specific to the mother (that is, when stranger-mother
discrimination occurs), whether it reflects emotional accompaniments,
depends on maternal treatment, etc. It is known that for autistic
children, eye contact is a very negative event but no one knows how
soon. Perhaps avoidance of eye contact could be an early indicator
of autism.
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Although extensive research has been carried out on the neurolo-
gical base for eye-movements, the energizing mechanisms are not com-
pletely understood. Still, specific nerve deficits can be diagnosed
by erratic eye-movements and there is a very substantial literature in
this field. Moreover, eye-movements are very sensitive indicators of
state of the organism whether states vary naturally or through the
control of drugs. Hall, Rosenberger, and Monty (1974) have reported
successful efforts to identify drug addicts by observation of their
eye-movement patterns. It is widely reported that vertical eye-move-
ments which require cooperation of both sides of the brain disappear
before horizontal eye-movements which require energization from only
one side when anesthesia is given. Little work has been carried out
in humans in this area but it is known that newborn infants make,
aimost exclusively, horizontal eye-movements. One possible explana-
tion is that such movements reflect residual anesthesia in the baby's
system. An intriguing possibility for the use of eye-movements is
suggested by work on newborn babies of drug-addicted mothers. The
offspring of addicted mothers are also addicted and undergo typical
withdrawal symptoms after birth, leading to death in the absence of
treatment. The problem is how to determine appropriate dose levels.
This might be done by monitoring the infants' eye-movement patterns.

These few examples of actual and potential uses of eye-movement
research suggest thet the observation of visual behavior should commend
itself to investigators in a variety of areas of inquiry. The conflu-
ence of theoretical and empirical work on visual activity in a number
of diverse disciplines has already enriched understanding in the fields
of reading and visual information processing. Further cross-pollination
of thinking is to be expected and should be actively encouraged by NIE.

The remainder of this section recommends research addressed to
topics of more apparent relevance to the immediate concerns of NIE and
of the conference from which the suggestions arose. However, this
narrower focus should most emphatically not be understood to be pre-
clusive of other applications of eye-movement research which are not
recommended here.

Section A makes recommendations for research on developmental
changes in the intake and use of visual information from a variety of
visual stimuli. Section B considers the relation between individual
differences and the intake ‘and use of visual information. Section C
suggests research that explores steps in problem solving and variations
in those steps as a function of individual and group differences. The
discussion in each of these sections is predicated on the fact that eye-
movements are reflective of cognitive processes whenever any form of
visual information must be or is acquired during mental activity.
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RECOMMENDATION: The NIE should support research which employs eye-
movement recording to explore psychological states
and processes not limited to those involved in reading,
picture scanning, and television viewing. This
recommendation is based upon the assumption that
knowledge relevant to such specialized processes as
those involved in reading can eventuate from re-
search which addresses more general issues in
cognitive and psycho-motor development.

A. THE RELATION BETWEEN DEVELOPMENTAL CHANGES AND THE INTAKE AND USE
OF VISUAL INFORMATION

RECOMMENDATION: The NIE should support developmental studies which
chart the capability of the visual control systems of
children of different ages.

Currently, virtually nothing is known about changes over age in
the visual control systems of moves and stops of the eyes: ballistic
accuracy of saccades, latency of response to peripheral stimuli, peri-
pheral visual sensitivity, and the steadiness of fixations all may vary
with development. Some research suggests that the child's ballistic
accuracy may be less and his maintenance of fixation on a particular
point less stable than the adult's (Piaget, 1969). Furthermore, there
is a suggestion, though far from conclusive evidence, that children
may have less peripheral semsitivity and a longer latency of response
to peripherally-presented targets than adults (Lakowski and Aspinall,
1969; Miller, 1969). There is a need to consider the development of
peripheral sensitivity with respect to the child's perceptual span
and his ability to use peripheral information. Such characteristics
of the visuomotor apparatus form the low level underpinnings of scanning
behavior and are ot major consequence in scanning tasks requiring pre-
cision and speed. Reading or the scanning of detailed pictorial
material may require a greater control and accuracy of eye-movements
than other tasks frequently confronted by the young child. We need to
know at what age the visual control systems can be considered function-
ally mature. This information is essential for any eye-movement studies
‘using children.

RECOMMENDATION: The NIE should support a limited number of semi-longitu-
dinal studies of changes over age in children's scanning
and processing of text, pictures, other graphic stim-
uli and television, comparing within subjects and
within age groups.
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The conference received several suggestions that the NIE support
normative studies of eye-movements in reading and in picture scanning
as a function of development. A contrary view held that such normative
work was not efficient and that the highest payoff would come from a
more limited set of careful studies designed to look at specific charac-
teristics of eye-movements in relation to particular stimuli. Such
normative data as deemed valuable might be gathered incident to experi-
mental work with various populations of children, and inferences about
developmental changes might be drawn from comparisons of sets of data
collected in a variety of studies. The recommendation offered here
constitutes a compromise between these two positions. It is recommended
that "semi-longitudinal® studies be undertaken for several interesting
populations of children -- avoiding any effort to try to resolve the
demographic and theoretical problems involved in specifying a sample
of children that could be regarded as "normal" or "normative." Such
semi-longitudinal studies might use populations initially at 5, 8, 11,
and 14 years of age, all studied concurrently over a span of three
years. Eye-movement studies of these subjects would examine their
changing responses to a variety of classes of visual stimuli. A long-
term longitudinal study of a small sample of children should not be
ruled out entirely, but before undertaking such a study careful consid-
eration should be given to its advantages over the type of semi-longi-
tudinal study proposed here.

One appropriate population for such semi-longitudinal studies would
be the population of middle-class children who would actuarially be
expected to become skilled readers, i.e., children who respond well to
reading in school, who are encouraged by their parents to read, and
who are found reading spontaneously. Another informative population
for such studies would be bilingual children for whom some language
other than English is dominant. A third population would contain
children who are dyslexic and who show the Gerstmann pattern or some
other pattern of definite neurological implication.

Semi-longitudinal studies of the acquisition of reading skill of
such populations may yield important information for beginning reading
instruction and the diagnosis of reeding disabilities. Moreover, given
the compelling quality of the comtemporary developmental or stage
analyses, it would be of value to undertake such analyses with regard
to children's uses of the media of education. We know that there are
stages (i.e., sequential organization patterns which are at least

moderately regular across children) in children's drawing A careful
analysis might reveal such stages in children's scanning pictures,
and might reveal relations between the way preschool chi! n scan

pictures or TV and their later acquisition of reading ski. Further-
more, data on the scanning of pictures, text, and television obtained
from individual children across several years would allow assessment of
intra-individual and of intra-age similarities and differences in the
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scanning of the various media. Knowledge of such similarities and
differences would make.possible the enlightened selection of appro-
priate media of instructioun for individuals and groups of children.

RECOMMENDATION: The NIE should support research which explores the
velation between cognitive development and the intake
and use of visual information.

The manner in which individuals sc2a their visual environment
reflects their current kaowledge of and expectations concerning the
visual world and their purpose for looking. Since eye-movements are
under strong cognitive guidance, they provide a significantly useful
dependent variable with which to investigate developmental changes in
cognitive processes. While several theoretical accounts emphasize an
increase in systematic scanning with development, empirical data are
scanty and more precise conceptualizations of the relation between
scanning and cognitive development are needed.

0'Brydn and Boersma (1971), who have most systematically investi-
gated the telation between scanning and cognitive stage, found signi-
ficant differences in the eye-movements of conservers and nonconservers
while they were engaged in a conservation task. Similarly, Venger (1971)
found differences in the scanning patterns of children on a matching
task, in which the subject was asked to mrtch a rod to one of an array
of stimuli arranged in order of increasing length. Where efficient
scanning would have required an ability to comprehend transitive rela-
tions, the scanning of children typically considered too young to
seriate was less efficient than that of older children. Vurpillot
(1968) found scanning differences across age in subjects asked to com-
pare two houses. Children over the age of six were much more systematic
in their comparisons; and the scanning differences were at least par-
tially a function of the different conceptions of '"same" and "different"
held by children of different ages.

The effect of development on performance in a variety of other
cognitive tasks might similarly be revealed in the eye-movement patterns
used to acquire visual information. For example, experimental para-
digms using eye-movements might reflect the number of units (integrated
assemblies of information or operations) which can be acquired and held
in mind simultaneously by the subject, or the influence of the limita-
tions of working memory on visual scanning (Pascual-Leone, 1970, 1973).

The use of eye-movements in combination with other dependent
variables, such as judgments (e.g., same or different judgments) or
verbal explanations, is highly recommended with respect to this research.
Each dependent variable constitutes a single 'window' through which the
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psychological processes of the organism can be glimpsed. When the’
dependent variables used are solely outcome or product variables, only
the end of an entire sequence of information acquisition and informa-
tion processing can be seen. The more places along the sequence

where measurements can be taken, where windows can be pleuced, the
closer we will come to understanding the generation or construction of
the final product. Eye-movements, which represent a rapid, real-time,
continucus dependent variable, may be especially helpful in probing the.
relation between the acquisition and use of visual information duriag
development,

B. THE RELATION BETWEEN INDIVIDUAL DIFFERENCES AND. THE INTAKE AND USE
OF VISUAL INFORMATION

RECOMMENDATION: The NIE should support studies of individual differences
in the intake and use of visual information that may
relate to educability.

In the study of individual differences (individual variation in
cognitive processes and personality), the processes of attention and
encoding are strikingly central to a number of different conceptualiza-
tions (see Kagan and Kogan, 1970, for a review). Distinctions between
"reflective" and "impulsive" cognitive styles (e.g., Kagan and Kogan,
1970), between field-independent and field-dependent cognitive styles
(e.g., Witkin, Dyk, Faterson, Goodenough, and Karp, 1962), between
subjects expressing different degrees of "conceptual differentiation"
(Gardner and Schoen, 1962; Santostefano, 1964a, 1964b) have implica-
tions for and/or have been revealed in the different ways subjects scan
and mentally represent their environment. For example, it has been
reported that field-independent subjects scan a stimulus more extensive-
ly than field-dependent subjects (Conklin, Muir, and Boersma, 1968;
Witkin et al., 1962), and it has been reported that the comparison
strategies (as revealed in eye~movements) of reflective subjects differ
from those of impulsive subjects (Drake, 1970; Zelniker, Jeffrey, Ault,
and Parsons, 1972; Ault, Crawford, and Jeffrey, 1972).

Nevertheless, most techniques for assessing individual differences
hav: relied on dependent variables such as judgments, speed or accuracy;
that is, outcome measures have been used to infer differences in process.
Data on eye-movement patterns would provide critical information on
whether the processes actually differ for subjects classified differ-
entially on various dimensions of individual variation. While a few
investigators of individual differences have employed eye-movement
data, the use of eye-movements has been minimal in an area of obvious
applicability.

Eye-movement studies could fruitfully explore the consistenzy of
an individual's cognitive style across various stimulus situations and
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over time. The value of a real-time, process-related measure of indi-
vidual differences is that it may reveal similarities in process even
where differences are found in outcome, or vice versa. Thus the use of
a process measure indicating what information was collected and when
and how it was collected, together with an outcome measure indicating
how the information was used may lead to significantly greater precision
in differentiztions among individuals. The elucidation of these rela-
tions would have impcrtant consequences for the design of instructional
curricula which are sensitive to individual differences in children's
styles of learning and for the use of appropriate instructional media.
Children with different cognitive styles might be expected to respond
differently to picture-text combinations, for example, or to the same
material presented in a book or on television.

Cognitive style factors typically have been thought to influence
an individual's performance regardless of the nature of the task or of
the medium in which the task is presented (e.g., Witkin et al., 1962),
but the supporting data are scanty. Pascual-Leone and Goodman (1974),
found predictable differences in response to a variety of ambiguous
sentences as a function of the reader's cognitive style, and Kagan
(1965) found a slight relationship between reflectivity-impulsivity and
errors in reading prose. The relations of cognitive style categoriza-
tions to performance on a variety of tasks, and to performance on the
same task presented in a variety of media, have yet to be finally con-
firmed or adequately clarified.

Even within the eye-movement behavior itself, differences in indi-
vidual style are likely to be found. For example Buchsbaum, Pfefferbaum,
and Stillman, (1972) reported reliable (over two weeks) individual
differences in both eye-movement strategy (content-dependent, task-
oriented eye-movements for gathering specific information) and eye~
movement style (content-independent features, such as number of fixations
per unit of time).

A consideration of the relation between eye-movements and indivi-
dual difference categories may also clarify data which would otherwise
be confounded. If considerable Jdifferences in eye-movement patterns
exist across individuals, then in randomly selected subject samples
these variations will appear as noise and will blur possible structure
in the data. An effective way to avoid this noise would be to use cog-
nitive styles and other individual difference variables (e.g., develop-
mental level, learning) as controls in the selection of subjects (cf.,
Pascual-Leone and Goodman, 1974). The patterns of the data within each
sample representative of a particular ccgnitive style would then be
clearer, and the various subject samples could be compared and inter-
preted in light of the known cognitive styles.
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C. PROBLEM SOLVING

RECOMMENDATION: The NIE should support eye-movement research which
explores steps in problem solving and variations in
those steps as a function of individual or group
differences (e.g., age, cognitive style).

In many problem solving tasks it is necessary to acquire visual
information at various stages in progress toward problem solution.
Eye-movement monitoring of the information acquisition can provide
unique, moment-to-moment data on the subject's strategies, and it can
do so, given unobtrusive instrumentation, without disrupting his ongoing
problem solving attempts.

Eye-movement recording has been used to great advantage in the
study of chess strategies (Poznyanskaya and Tikhomirov, 1970; Tikhomirov
and Poznyanskaya, 1966) although these studies also caution that the
pattern of eye-movements cannot be relied on to mirror thought pro-
cesses precisely. Eye-movements have also been used to provide infor-
mation on the processes of anagram solution (Boersma, Muir, Wilton, and
Barham, 1969) and of paired-associate learning (McCormack and Moore,
1969). Categorizations of various types of eye-movement patterns and
comparisons of the eye-movement patterns of subjects who differ along
certain previously specified dimensions (e.g., age, cognitive style)
can provide unusually precise, process-related differentiations among
approaches to problem solving.

Such information can contribute to the development and testing of
models of problem solving. For example, explicit process-structural
models of the mental activities of a subject during a task can be (and
in some cases have heen) developed in accordance with artificial
intelligence theories, constructive developmental theories, and psycho-
linguistic theories. These models can offer step-by-step theoretical
descriptions of the mental processes of the subject. If the information
required for successive steps in a problem-solving sequence is presented
visually, then the eye-movement scan path will provide information on
the problem solving strategies of the subject and the theoretical models
predictive of the strategies can be tested and refined.
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CHAPTER 4

INSTRUMENTATION AND INSTRUMENTALITIES

In the previous sections, we have shown why we believe that eye-
movement research is important (and probably critically so) to the
understanding of the reading process, picture scanning and television
viewing, and to the convergence of several major lines of inquiry and
application (i.e., the study of cognitive processes, linguistic communi-
cation, and educational psychology) which are starting to affect each
other in important ways. Further prcgress in the intersection of these
disciplines requires the close study of moment-by-moment perceptual
integration and cognitive analysis. Most theory and practice in the
area has rested on eye-movement data that were gathered half a century
ago, analyzed and reanalyzed repeatedly as the only body of fact that
we have. The techniques by which those data were obtained were highly
artificial and constraining, slow to process, and expensive to gather
and analyze. The inquiries did not address themselves to issues that
have now become critical ones, nor were techniques available to perform
the kinds of experiments that we now need (e.g., using the reader's
eye-movements themselves to determine what text will meet his gaze when
the eye-movement is complete, in order to study the precise nature,
role and modifiability of peripherally-guided expectations in the
reading process); or using unobtrusive and non-encumbering recording
methods that allow us to observe the ways in which children at various
levels of development and skill deploy attention when reading or
viewing in a normal nonthreatening and unconstrained manner), or the
kinds of data~collection, analysis and reduction that moderr study,
and policy decisions, require.

We need new answers to our new questions, and a new data base for
prescribing and assessing instructic.al procedures. Technological
improvements in measuring devices, and in the combination of these’
devices with small high-speed computers and computer-controlled dis-
plays, have provided a major revolution in research potential in this
area. We are in a position very much like those of astronomers or
virologists who, after decades of theoretical analyses and speculations
about what should or might exist, based on indirect and obscure infor-
mation, face the possibility of obtaining much more direct and abundant
evidence about what does in fact exist, by way of space probes and
electron microscopes, respectively.

What has probably hindered progress in this area more than anything
else over the past generation has been the fact that the equipment and
the expertise needed to obtain and apply the relevant information has
not been accessible to the researchers whose training and concerns have
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been closest to the problem areas. It is now feasible to remedy that
situation. In this section, we make several strong and specific
recommendations designed to close the gap. At the heart of these
recommendations lies revision of NIE's reluctance to support the
development of instrumentation and the acquisition of hardware. Although
there are good reasons to proceed cautiously in disseminating equipment,
and in encouraging the accumulation of hardware, neither expertise,
technical facility nor research capacity can be expected in this area
of research unless the necessary apparatus and supporting services arc
available to the users for periods long enough to make the investment
worthwhile to them and to the government. gygs requirement has to be
balanced against the needs of economy, especially against the danger of
inefficient duty cycles (i.e., of accumulations of instrumental facili-
ties that are underemployed), and some attempts have been made in these
recommendations to provide for that balance.

There are four parts to this chapter, relating (I) to research
management, review and support, (II) to instrumentation development,
(III) to facilities dissemination and establishment, and (IV) to
priorities.

RECOMMENDATION: The NIE should develop its own capacity and that of
the field to stimulate research in visual information
processing.

nie conference on visual_information processing

5!)




4-3

I. RESEARCH MANAGEMENT, REVIEW AND SUPPORT

RECOMMENDATION: The NIE should establish a study panel to: (1)

encourage and evaluate field-initiated research that
uses eye-movements (or simulated eye-movements) to
study and assess essential skills in reading and
comprehension, picture scanning, and television
viewing; (2) assign and periodically revise research
priorities in the area; and (3) supervise the develop-
ment and dissemination of needed instrumentation.

A set of relatively specific, but not detailed recommendations as
to the kinds of research needed is given in chapter 3. Because knowl-
edge grows unpredictably, and the more valuable ideas and discoveries
are often unforeseen in any Adetailed sense, we have not recommended a
program of targeted research. Instead we recommend disseminzi:zon of
this report to act as a guide for researchers in proposing studies.

We further recommend that a panel be set up to make decisions as
to specific research support priorities. That panel should meet as
often as financial considerations permit, but no less than once each
year, assuming yearly initiation of research grants (less frequently
or more frequently depending on this factor). This study panel should
be composed of experts from the following areas: (1) education research,
particularly reading and television; (2) experimental psychology, par-
ticularly visual perception, cognitive processes, and cognitive
development; (3) engineering experts in the areas of instrumentation
involved. The duties of the panel should be to read new proposals, to
assess renewal requests, to assign and revise funding priorities
within the area, to advise and consent to the instrumentation needs of
specific research proposals, and to oversee the instrumentation
development and facilities establishment recommended below. Because
of the complexity of the instrumentation involved, and because of the
special symbiosis of eye-movement research and instrumentation, the
need for engineering expertise in the panel is stressed.

The policy implications of some of the instrumentation recommenda-
tions made later in this chapter are sufficiently complex that the
study panel will need close and continuing consultation with staff
persons from within NIE. Questions, for example, about the suitability
of direct grants of public funds to private corporations for instrument
development, or about the machinery for appropriate and efficient
indirect support for such development, will require careful study.
Furthermore, there are serious issues of allocation of funds to the
various activities recommended in this chapter and the preceding one.
If none of the instrument development proposed in this chapter gets
done, that fact will limit research possibilities drastically; if NIE
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starves research in order to do the development, however, the problem
is even worse. We need some sort of balance that takes into account:
(a) the funds available; (b) the state of research, i.e., are we pro-
gressing nicely without a massive investment in equipment development,
or are we hurting for the new capabilities? (c) the amount of good
research proposed; (d) payoff.

Given the high degree of uncertainty about NIE's total budget, and
the need for decision about the amount of that total budget to be
allocated to eye-movement research and instrumentation, the conference
could make no firm recommendations about what the balance should be
between the funding of research and the funding of instrument develop~
ment. Should fiscal exigencies dictate an absolute. decision between
funding new research using existing instrumentation and funding the
development of new instruments, the choice is, of course, clear:
presently available equipment is suitable for a variety of new and
needed research; and it may be that as demand for improved instruments
increases in the field, private companies will undertake the cost of
development of the new equipment. Funds will have to bz available to
researchers to purchase the improved devices, however, or the private
sector will not undertake the development risk.

RECOMMENVUATION: The NIE should invite and support, and the study panel
should oversee, replications of existing studies to
determine the extent to which the eye-movement
behaviors observed in the original studies are specific
to the particular laboratory setting and not represen-
tative of normal behavior.

Much of the existing research reviewed by the conference, and
much of the proposed research discussed in chapter 3, is concerned with
the limits of what people can do, as opposed to what people no:mally do.
For these research purposes instrumentation can be as obtrusive as
the researcher requires and as the subject can tolerate. Much essential
information has been and will be obtained from studies using, for
example, contact lenses and/or fixed retinal image procedures.

On the other hand, a great dcal of eye-movement vasearch has been
and should be concerned with discovering what people normally do out-
side the laboratory. Studies that employ eye-movements as indices of
cognitive analysis, reading habits or television viewing, for example,
have critical relevance for educational practice to the extent that
their results can confidently be taken as representative of the normal
behavior of the subjects. There may be reason to suspect that in at
least some cases the results of previous research studies have been
confounded by the subject's knowledge that his eye-movements are of
concern to the experimenter or by the physical constraints of the
instrumentation used.
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The issue of obtrusiveness of instrumentation is of signal impor-
tance to the research proposed earlier and most especially to the
recommendations for instrument development discussed in the present
chapter. If it can be determined that the eye behavior of subjects
studied with the relatively obtrusive equipment currently available is
truly representative of their normal behavior, then at least one
expensive development activity recommended below (section III.C) can
be dispensed with, and future research can build with confidence on
the foundation established by previous studies. If, on the other hand,
it is found that eye behavior is different when unobtrusive equipment
is used, then some earlier conclusions reached on the basis of obtru-
sively acquired data will have to be re-~examined, future research
studies using similarly obtrusive ‘equipment will need to be cautious
in their analyses of data, and relatively Ligher priority must be given
to the development of less obtrusive instrumentation. Given the impor-
tance of the issues involved, these replication studies should be
undertaken as soon as possible; and decisions about some of the
instrumentation recommendations made below should await the results.
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II. INSTRUMENTATION DEVELOPMENT

RECOMMENDATION: The NIE should invite and support specific research
and development of instrumentation to improve the
ease, efficiency and validity of eye-movement
research. This research and development should be
addressed both to the develcpment of new instruments
and to the improvement of existing instruments.

A. RECOMMENDATIONS FOR DEVELOPMENT OF NEW INSTRUMENTS

The following suggestions for new instrumentation are not listed
in order of priority. The study panel recommended in section I should,
as one of its first ‘tasks, consider these and other suggestions for
new instruments and assess their suitability for presently conceived
research, and the future need for them as best as the panel can foresee
it.

(1) Two or three independent feasibility studies, costing approxi-
mately $5,000.00 apiece, should be invited tn determine whether it
would be possible to produce devices contained in what amounts to a
hard-page book binder (or other similar arrangement that permits the
reader to hold in his hand the reading matter on which his eye-movements
are to be observed) which would allow the measurement of eye fixation
from the frame of reference of the book itself. The purpose of such
a device would be to permit subjects to engage in reading behavior
closer to their normal behavior than is permitted by other less flexible
eye-monitoring devices. The recommended instrument should be capable
of 10 - 20 resolution, and should require little or no special cooper-
ation from the subject, although a light-weight head marker to establish
a head reference may be acceptable.

Temporal resolution should be possible to within 1G0 msec., and
output should be an electrical signal readily stored ari accessible to
computer analysis. If the feasibility studies indicate that such
devices can be made available at costs within the range of the second
category described in (B) below in quantities that are within the range
that are likely to be requested and employed by research workers in
the field, NIE should undertake to develop the device and publicize
its availability.

(2) Develop an unobtrusive and covert eye-movement measurement
instrument that is integrated within a console structure, such as a
microfiche reader, which may be placed in a normal library setting.
This would have to work with minimum or no subject cooperation. This
device should be capable of 1/2° spa:ial resolution ard 19 accuracy,
and a temporal resolution of 60 Hz.
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(3) Encourage the development of a practical method for recording
voice and fixations conjointly in an eye-voice span instrument. The
voice record should be amenable to analysis and summary in the output
format described in item (II, B, 8), below, as an indicator showing
the time of utterance of each word relative to the fixation point
then being made.

B. RECOMMENDATIONS FOR IMPROVEMENT OF EXISTING INSTRUMENTATION

Besides the improvement in performance specifications which is
desirable in new instrumentation development, there is a consensus
among users of existing instrumentation about the need for "more
comfortable" equipment, not only from the subject's point of view but
from the user's as well. It should incorporate reliability with ease
of use and be as amenable as possible to automated data processing.
More specific recommendations are as follows:

(1) Extend the head movement freedom of eyetracking instruments
that use the double Purkinje image method to accommodate a couple of
inches of motion. This is very important in connection with measuring
the eye-movements of children, and permitting them to speak, unencumbered
by a bite-board. A direct development contract might be solicited
and issued for this purpose.

(2) Increase the accuracy of the instruments that measure the
separation between the corneal reflection and the pupil center to the
1/49 - 1/2° of accuracy of which they appear to be capable in principle.

(3) Increase the speed of response of the television-based
eye-movement monitoring methods to 120 samples/second or more.

(4) Develop general purpose off-line electronic systems for
analysis of film or video tape frames obtained from any of the existing
and widely available corneal reflex cameras. At the same time,
investigate the possibility of image-enhancement techniques applied
to photographic records that may suffer from graininess, or other
quality problems, to make them more useful for extraction of data.
These procedures should automatically extract eye position coordinates.
as described in item 8 below, and would increase the utility of many
presently owned systems and make their use vastly more efficient and
compatible with those obtained by more sophisticated methods. A
feasibility study, for less than $5,000, should be solicited from
one of the existing government facilities currently engaged with image-
processing technology and, if the service appears to be a possible one
to offer, it should be publicized in the notifications that NIE will
entertain field initiated research.

(5) Develop an integrated electrode-amplifier combination ror use
in electro-oculography. This would reduce the aoise susceptibility
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problems, eliminate some of the psychological difficulties that are
provided by trailing shielded wires, and broaden the utility of this
method.

(6) Develop accommodation measurement capability to be dinte-
grated with eye position measurements to determine where the eye is
focused at any point. This would effectively give the three-axis measure
of eye position. This parameter may be an important one in determining
states of attention and vigilance. Stanford Research Institute has
been develooing such a device, although it has yet to be coupled
witn their eye-tracker. It seems appropriate that further development
of the SRI device be encouraged, and perhaps funded, and that pilot
studies using three-axis measurement be undertaken to determine whether
this more elaborate instrumentation is indeed useful to the field and
for what purposes.

(7) Develop a self~calibration method for one of the unobtrusive
free-head point-of-regard systems which would allow the system to be
calibrated without requiring subject cooperation.

(8) Develop a method and format of recording reading fixation
patterns in a manner comparable to Buswell's (1935). A desired output
would be a copy of the presented material on which is superimposed the
pattern of fixation points; the temporal order of those points; and
the durations of the fixations.
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III. FACILITIES DISSEMINATICN AND ESTABLISHMENT

RECOMMENDATION: The NIE should support, and the study panel should
oversee, the dissemination of eye-movement instruments
and related technology, and the establishment of
facilities which increase the ease, accessibility
and efficiency of eye-movement research on reading,
the scanning of pictures and graphic displays and
television viewing.

The need for wider dissemination of eye-movement instruments and
their related technologies has been discussed earlier in this chapter.
This section will discuss the various types of instruments and the )
kinds of facilities and supporting services necessary to advance the
eye-movement research recommended in chapter 3.

In reviewing the recommended research that was presented to the
conference, it was clear that most of the research can be done with
existing equipment, or with relatively slight improvements in existing
equipment. It also became clear that there are three categories of
research eguipment required, and different courses of action are
needed to encourage the equally worthy and important research in each
of these categories.

A. INSTRUMENTS OF MODERATE ACCURACY AND RESOLUTION

A strong case can be made for the view that, except for special
experiments, instrumentation requirements are for the most part not
particularly stringent and can usually be met by relatively modest
equipment.

To put requirements into a broad perspective, discrimination of
10 of eye-movement is sufficient for one word resolution, which is
more than is required by many experiments and is certainly sufficient
for a great number. Saccades occur with an average rate of 4 per
second, and therefore temporal resolution need only be sufficient for
samples of about 10 per second. There is a large category of head-
mounted equipment (corneal reflection, EOG, iris-scleral reflection,
etc.) which is limited by the stability of the eye within the head.
There is some evidence (Cornsweet and Crane, 1973) to indicate that
there is eyeball translation within the head of up to I mm (this is
equivalent to eye rotation of 1°9). This will probably still be within
the acceptable tolerance for coarse reading studies, but the researcher
should be aware of this potential source of error. Not 211l of the
highest performance criteria of the various instruments available are
needed to produce useful research results. Clearly, some parameters

nie conference on visual information processing

$2




4-10

are more important than others, and the best possible system that meets
the minimum requirements can be chosen and employed. As an example,

a researcher may not be interested in, nor need to detect, fine eye-
movements; he may not need to look at the high-frequency details of a
saccade; or his range requirements may be small. He may therefore be
satisfied with a simpler, less powerful instrument. (See Appendix,
especially Table 6.1, for the characteristics of the various available
eye-movement measurement instruments.)

As the Mackworths pointed out during the conference, encouragement
of research with such equipment would be relatively economical and
would repay us with a great deal of data ~- if suitable precautions
were observed. Encouragement could be provided by publishing informa-
tion about the equipment (and sources) available for different levels
of research requirement, by providing accurate descriptions of the
measurement characteristics of the instruments and of the standardized
conditions to which those descriptions apply, and the research,
diagnosis and training limitations appropriate to each kind of instru-
ment. Equipment itself c¢-uld be made available as part of research
grants of modest size, - equipment to reside with the institution
with which the research i1s being done, in order to encourage the
institution and the researchers to invest the time in learning how to
use the equipment; or both training and loan of the instruments could
be obtained from a center (see below) in which instruments might be
located for distribution as needed -- a sort of lending library of
equipment. Perhaps a questionnaire, and an in-house study of the
relative costs involved, would establish which of these alternatives
is cheaper and more desirable.

Inexpensive equipment can still be prohibitively expensive if
it generates unusable research. A set of precautions on research
requirements -- of a methodological, procedural and sampling nature —-
should be included with invitations for field-initiated research in
this area, and the fact that the study panel will have to be satisfied
on matters of experimental design and purpose of inquiry should be
made clear to prospective applicants. Availability of the data for
reanalysis by subsequent investigators is of particular importance.
The experimenter should pay sufficient attention to the handling and
analysis of the data produced by the eye-movement measurement instru-
mentation. Processing the raw eye-movement data can be made easier
by the use of digital computers. The users of inexpensive equipment
are the most likely, in general, to need assistance 1in this matter, and
the research community as a whole would benefit from a central collec-
tion of data processing aids. These could range from general flow
chart procedures, to user language programs, to computer tapes directly
usable on the researcher's computer.
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If this approach becomes generally acceptable, the output data
also becomes more compatible for use by many different experimenters
and can form the basis of an archival source. Computer-produced
reading-fixation patterns of the type generated by Buswell (1935) are
generally agreed to be one useful such format (item II, B, 8, above).

B. INSTRUMENTS OF H1GH ACCURACY AND RESOLUTION, AND OF INTERMEDIATE
COST

There are many purposes to which Class A instruments are inadequate.
Greater accuracy and resolution, greater :peed of processing, greater
subject freedom, etc., may be needed in varying combinations. A major
need is for devices that permit the experimenter to change the display
while the subject moves his eye (in ways that are contingent on the eye-
movement) in order to study, and perhaps to train, the process of
retrieving information, glance by glance. The resolution and accuracy
of the device depends on the question being asked; if resolution of a
single character is needed, 1/4° of spatial resc..:tion and accuracy
of measurement. will suffice. Sampling of eyc position must be of
the order of 10 msec., and the output must be a signal acceptable to
a computer, if on-line monitoring of the signal is to be maintained.
More or less precision and accuracy can be achieved by means of
different devices, each having their own advantages and disadvantages.
Some fundamental questions require very high precision, accuracy and
resolution: e.g., the variation in acuity as a function of distance
from the center of the fovea is apparently not simple, nor clearly
understood. Experiments have shown that under "dynamic" conditions
peripheral acuity can be quite high. In any case, a great deal of
visual information can be obtained from regions outside of the fovea.
Research is called for on these problems that are fundamental to the
reading process. Presently, only tight-fitting contact lenses can
be used to get the necessary precision, but new instruments (and
particularly the first-fourth Purkinje-reflection device) appears to
have removed that restriction and, perhaps, made the question one that
can be explored at different ages. Increasing instrument speed (a
bandwidth of over 200 Hz is now possible) makes possible exploration
of the temporal details of saccades themselves. There is some reason
to believe that their time course may provide sensitive indications of
such variables as arousal and emotion. To another point, it may also
be possible to have the computer predict the landing point of a saccade
from the initial rise time of the eye's angular speed, a refinement
which McConkie's research is now pressing.

The instrumentation that we are discussing here must be fitted
closely to the individual experimenter's need, and it must evolve to
meet the conditions of the research. Instruments of this type are
in general moderately expensive ($15,000 and higher for recording
instruments, and approximately $20,000 for computers and associated
equipment.) They characteristically require relatively high levels of
expertise for operation and maintenance. While wide dissemination of
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these instruments is neither practical nor desirable, it may be
possible to increase access to such equipment, and to improve the
efficiency of its use by making instruction in its use, software,
adapting hardware, and even exchange facilities (e.g., trades, loans
and rentals) generally available and by publicizing this availability.

In general, encouragement of this level of instrumentation can
probably best be achieved by supporting research requests that include
such equipment as part of the budget, and making sure that the speci-
fications of the equipment are appropriate to the research questions
being asked. / Present policy of requiring equipment to be returned
as soon as the research is completed is certain to be ill-advised:
researchers in this field normally invest a great deal of time and
money gaining expertise in the equipment, in adapting it to their
specific research needs, and in acquiring supporting equipment and
programs that are particularly adapted to form a usable system. All
of this may be lost if the investigator pauses in his inquiry, for
reasons having nothing to do with either the merit of his plans or
with his long term goals, and a central part of the system is reclaimed

at that time. Where this procedure has beer imposed it should certainly

be abandoned.! On the other hand, it may be possible to make research
installations of this sort available, on a time-sharing basis, to other
researchers who are only starting in the area, or who do not have long-
term commitments to research with the individual system in question.

It would be possible to make agreements to this effect part of the
conditions of funding the acquisition of the installation and to
publicize the availability of the service. When an investigator
leaves the field of research for any substantial period (e.g., several
years), or permanently, the equipment should then be reclaimed and

its availability for research should be publicized.

This issue is probably not of major economic importance at this
level of instrumentation, because there will not be a great number of
researchers working at this level. It is at levels A and C that the
instrument sharing becomes important, and at level C, which we discuss
below, it is essential.

C. CENTRAL FACILITIES FOR EXPENSIVE EQUIPMENT AND SERVICES
It is often desirable to keep the eye-movement measurement situa-

cion as close to the natural reading or viewing situation as possible,
and to avoid the atmosphere of a laboratory test. (We have discussed

INIE will consider requests to allow specialized scientific
equipment to remzin on site after the termination of a grant.
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the importance of this consideration in amplifying on the recommenda-
tion in section I that replications of previous studies be done using
unobtrusive instruments.) Moreover, in testing children, a system
must be used which requires minimal subject training or cooperation.
This often precludes the use of contact lens methods or even EOG under
some experimental conditious, and an instrument which can be set up
qu’ckly with minimum calibration is needed. 1In the extreme case, we
need an instrument of which the subject may in fact be completely
unaware (although of course informed consent of legal guardians, and
full disclosure after the experimental session, are both desirable
and necessary).

A combination of high precision (1/4° - 1/29), high speed, rapid
online data analysis, and highly unobtrusive measurement conditions s
extremely expensive to achieve, and requires expert maintenance. At
the present state of the art, one such installation already exists at
the U.S. Army Human Engineering Laboratory at Aberdeen Proving Grounds,
Maryland, and this could provide a center that could provide research
services to scientists on visiting grants of varying duration. It
meets almost all the desired requirements, but needs further develop~
ment. We have already recommended (II, B, 2) that equipment that
works on this principle (measurement of the separation between corneal
reflection and pupil center) be brought to the 1/40 or 1/2° accuracy
and precision of which it is theoretically capable. The HEL installa-
tion is the only one of its kind that is also almost totally unobtrusive.
(Considering its expense, it is unlikely that another will be. built.)
In addition, NIE should explore whether the Aberdeen installation is
an efficient and convenient locus for several other services which
should be centralized for the purposes of increasing the efficiency
and utility of research using eye-movement measures in reading,
television viewing and cognitive processing, or whether it should be
moved. We discuss these other services below as if they were to be
provided at a central institution, but it is obviously not essential
that they all be centralized at the same installation:

(1) Central Visual Data Retrieval and Processing. The various
forms of eye-movement photography have the advantages of relative
simplicity of technclogy and economy of equipment. The records are
expensive, lhiowever, and laborious to read with precision, and the
task of automating retrieval of the data from such records is technically
difficult and highly expensive. It is probably the case, however, that
the use of image-enhancement techniques that are now available would
increase the precision of the information that such films could yield
(especially in the case of relatively grainy high-speed infrared
records), and it is also probably the case that automated data retrieval
facilities now in existence could be made available at a center. These
services would improve the efficiency of operation and the precision
of a wide range of devices (especially of the type discussed in A, above)
that are used in individual laboratories and institutions around the
country, as long as those uses did net require rapid data analysis,
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(d) Software programs which generate pictorial format,
2~-dimensional representation of the eye-movement pattern. These would
require computer plotters, graphic displays, or other such devices.

The compiled information should be as detailed as possible to
permit conversion by a user to his own system when necessary. This
service should probably be the responsibility of the same personf(s)
entrusted with the literature survey, discussed below.

(3) Literature Survey. There is no central journal devoted to
eye-movement measuvrement (and there is certainly none devoted to eye-
movement measures in the service of research on reading picture scanning
and television viewing); nor is it desirable to have one -- the research-
ers come at the problem from too many disparate fields, and this will
probably continue to be the case. But a continual updating of the
literature would be extremely worthwhile and probably quite inexpensive
(in part, it could be a requirement of research undertakings supported
by NIE grants), and it would be an appropriate activity for personnel
at a facilities center to undertake. Such a survey would be a necessity
if the study panel were to work effectively. It would be even more
necessary if the evaluation panel (section I), set up to review
accomplishments after a five year period, were to be able to obtain a
coherent view of the field without a prohibitive investment of time.

The literature survey should probably be directly contracted by NIE,
and periodically supervised by the study section panel.

(4) Equipment "Library." 1In order to ensure that eye-movement
recording equipment is used as continuously as possible, and to
provide a starting basis for researchers to perform pilot experiments,
the center should keep a collection of simple, mobile conventional
instruments (of the type discussed in III, A, above, and perhaps some
instruments described in III, B) which may be loaned to other institu-
tions to simplify their instrumentation needs and to make NIE sponsored
research more economical. An instrument repertory for psychophysiologi-
cal measures related to eye-movements should also be accumulated.
These should include EEG, heart rate, GSR, breath rate, EMG, etc. With
such a pool in existence, it would be possible for researchers whose
interests bring them to eye-movement research only occasionally to
unde’ “ake that research without prohibitive investment in equipment and
space, and it would become sensible for NIE to pursue, at least in part,
its policy of retrieving equipment when it is not being used for active
research. ’
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IV. PRIORITIES

We recommend that resources be allocated with the following priori-
\ ties in order that planned research may proceed in the most efficient
fashion:

(1) Establishment of a Study Panel. (See section I, pages 4-3
and 4-4.) 1In addition to the responsibilities described above, the
panel should review this list of priorities in light of NIE s level
of funding.

(2) Wide Dissemination of Relativeiy Tnexpensive Instrumentation.
(See pages 4-1 and 4-2, and section III.A) Reasonably priced and
efficient instrumentation must be made available to researcheis in
order that research horizons not be limited by inadequate equipment
or none at all. Wide availability of eye-movement instrumentation is
likely to attract to the field a variety of researchers who would
otherwise turn to other, less suitable research methods. It is also
considered important that instrumentation obtained by researchers on
NIE grants not have to be dismantled and returned to NIE at the
conclusion of the project for which it was acquired. This is clearly
disruptive of the continui: - necessary if planned programs of research
are to be undertaken. .

(3) Replication Studies to Determine the Need for Unobtrusive
Instruments. (See section I, pages 4=4 ard 4-5.) NIE should fund or
encourage the undertaking of tests at a facility such as the Human
Engineering Laboratory at Aberdeen Proving Ground to determine if
unobtrusive eye-movement recording will result in data different from
that obtained using other more encumbering methods.

(4) Improvements in Existing Instrumentation. (See section II.B,
pages 4-7 and 4-8.) NIE should fund or encourage the instrument
improvements described.

(5) Development of New Instruments. (See section ITI.A, pages
4~6 and 4-7.) To the degree possible, given the level of future funding
of NIE and the allocation of NIE funds to eye-movement research, the
study panel should guide the development of new instrumentation to be
funded or encouraged by NIE, including some or all of the instruments
described. ‘

(6) Establishment of a Central Research Facility. (See section
IIT.C, pages 4-12 to 4-15.) NIE should fund or encourage the loung-
range development of a central research facility with the various
capabilities as described. The expensive equipment specified for
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inclusion in such a center should be developed or acquired as pressing
need for such equipment arises in the field. Feasibility studies
should be undertaker. as soon as possible, however, to determine the
extent of present needs that may exist, to estimate as accurately as
possible the equipment specifications necessary to meet future needs,
to determine a time schedule for the future development of such
equipment, and to determine the cost. The supporting services which
we have recommended be supplied by such a central research facility
need not be approached with the same caution. The image-enhancement
and automated-data=retrieval services, the compilation and dissemina-
tion of software and data processing aids and programs, and the litera-
ture survey all would contribute substantially to improving the quality
and efficiency of eye-movemenc research, and should.receive higher
priority treatment than their mention here would suggest. Similarly,
the equipment "lending library" should be considered as a supplement
to, not a replacement for, the dissemination of instrumentation urged
in priority (2) above.
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1 INTRODUCTION
The importance of eye movement patterns in the study of reading and in
the diagnosis of reading disabilities is widely recognized. This paper
reviews most of the known techniques for measuring eye movements, explaining
their principle of operation and their primary advantages and disadvantages.
Section II describes the various types of eye movement. Section III
reviews the characteristics of the eye which lend themselves to measurcment
and lists all the principal eye movement measurem.iat approaches. Section IV
describes the more practical methods in some detail with considerable attention
on the newer techniques. Section V discusses the general considerations of

method selection. Section VI summarizes the major findings in a concise table.
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2 TYPES OF EYE MOVEMENT (from Young, 1970)

For any application of eye-movement instiumentation the kinds of eye
movements to be observed must be clearly undcrstood so that the instrument speci-
fications may be properly assigned. The following list summarizes the types of
kno -0 aye movements. Eye movements are considered here as rotations about a hori-
zontal axis, an (initially vertical) axis which rotates with the globe about the
horizontal,and a torsion axis along the angle of gaze. The eye does not -otate about
a fixed center, but this is not of practical importance'for most weasurement appli-
cations (Park and Park, 1933). Several types of horizontal eye movements are
illustrated in Figuvre 2.1,

Saccadic eye movements are the rapid conjugate movements by which we
change fixation from one point to another voluntarily. They include the "jump
and rest" fixation movements observed in scanning a visual scene or reading. They
are charaocterized by very high initial acceleration and final deceleration (up to
40,000°/sec2) and a peak velocity during the motion which varies with the amplitude -
of the saccade and may be as high as 400 to 600°/sec. The duration of a saccadic
eye movement also varies with its magnitude from 30 to 120 msec (Mack:nsen, 1958).
Saccadic eye novements generally observed in searching are of the range 1 to 40°.
Head motion is often involved when the target motion exceeds 30°. 1In response to
a visual stimulns, saccadic eye movements exhibit a latency of 100 to 300 msec.
Vertical or oblique saccadic eye.movemenus may have a torsional component asso-
ciated with them because nf the arrangement of the six extraocular muscles. The
purpose of the saccadic eye~movement system appears to be fixation of the image of
the target on the fovea, or high-acuity region of the retina, corresponding to 0.6
to 1° of visual angle. There is a minimum delay or refractory period between sac-
cadic eye movements of 100 to 200 mse.. The visual threshold is significantly ele-
vated during the period just prior to and during a saccadic eye movement (Young,

Zuber and Stark, 1966; Cook, 1965: Robinson, 1964;Vossius, 1960.).




Pursuit, or slow tacking, movements are conjugate eye movements used
to track slowly moving visual targets in the range 1 to 30°/sec. Pursuit move-
ments are smoothly graded and appear to partially stabilize the image of the
moving target or background on the retina, independent of the saccadic eye-
movement system. The pursuit-movement system appears to he limited in acceleration
as well as velocity. Smooth pursuit movements are not generally under voluntary
control and usually require the existence of a moving visual field for their
execution (Westheimer, 1954; Robinson, 1965).

Compensatory cye movements are smooth movements closely ralated to
pursuit movements, which compensate for active or passive motion of the head or
trunk. They tend to stabilize the retinal image of fixed objects during head
motion and are attributable both to semicircular-canal stimulation sunsing head
motion and to neck proprioception associated with the turning of the head on the
trunk. Compensatory eye movements are aiso limited o about 30°/sec and are closely
related to the slow-phase eye movements of vestibular nystagmus discqssed below.

Vergence eye movements are movements of the two eyes in opposite directions
in order to fuse the image of near or far objects. The vergence movements are
considerably slower and smoother than conjugate eye movements, appear to be non-
predictive, and reach maximum velocities on the order of 10°/sec over a range of
nearly 15°. They are stimulated by focusing error (accommodative convergence) as
well as binocular disparity (Rashbass and Westheimer, 1961; Zuber and Stark, 1968).

Miniature eye movements, or fixation movements, include a variety of
motions which are generally less than 1° in amplitude and occur during attempted
steady fixation on a target. Drift is the slow random motion of the eye away from
a fixation point at velocities of only a few minutes of arc per second occurring
within the foveal dead zone. Flicks, or microsaccades, are small, rapid eye move-
ments which have been shown to be dynamically of the same uiature as large voluntary

saccades, of magnitudes as large as 10, occurring at intervals separated by as
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little as 30 msec and which generally redirect the eye toward the position neces-
sary for fixation on the target (Zuber, 1965). Both flicks and d;ifts tend to occur
along a single preferred axis in any individual (Machmias, 1959). There is cur-
reatly uo general agreement on the error-ccrrecting rnature of the flicks or drifts.
In addition, normal individuals fixating on targets exhibit a high-frequency tremor
in the range of 30 to 150 Hz with peak amplitudes of approximatzly 30 arc sec

in the region of 70 Hz. (Because of the presence of these fixation movements,
accuracy of 0.5 to 1° is often sufficient in eye-monitoring tasks designed to show
what part of the visual field is being fixated.)

Optokinetic nystagmus, also knowm as "train nystagmus', is a characteristic
sawtooth pattern of cye motion elicited by a moving visual field containing re-
peated patterns. Optokinetic nystagmus consists of a slow phase, in which the eye
fixates on a portion of the moving field and follows it with pursuit motion, and a
fast phase or return saccadic jump in which the eye fixates on a new portion of the
field. The minimum time Setween fast phases is approximately 0.2 sec, resulting in
a maximum frequency of approximately 5 Hz. although the nystagmus frequency may be
considerably less for slow field motions. The amplitude of optokinetic nystagmus
is variable, generally from 1 to 10°. If a non-moving fixation point is present in
the visual field, the nystagmus response may be veduced to a fraction of a degre2,
which is not noticeable by direct observation. Attempts have been made to use opto-
kinetic nystagmus as an objective measurement of visual acuity by determining the
minimum line width which induces nystagmus.

’Figure 2.1 shows typical single-eyed horizontal c¢yec movements recorded by
the photcelectric technique. The rapid succadic jumps and fixation movements are
seen in the early part of the trace, followed by smooth pursuit movements in trackirg
a target, and finally optokinetic nystagmus induced by horizontal movement of a

sheet of lined paper.
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Vestibular nystagmus is an oscillatory motion of the eve, similar in
appearance to optokinetic nystagmus, containing a slow phase and a fast saccadi--
like return. It is primarily attributable to stimulation of the semicircular
canals during rotation of the head with respect to inertial space. A countew-
clockwise head rotation about a verticai axis leads to deflection of the cupulas
of the horizontal semicircular canals, which induces image-stabilizing slow-phase
eye nmovement in a clockwise direction. As head motion continues, the eves jump
back rapidly to pick up another position and repeat the sawtooth pattern. Measure-
ment of vestibular nystagmus in various axes is a commonly used test of the semi-
circular-canal function, either through the threshold of angular acceleration im-
pulse required to induce nystagmus or through the duration of "postrotation
nystagmus". The latter test constitutes a paré of the nystagmus or objeciive
cupulogram. The amplitude and frequency of vestibular nystagmus are similar to
those of optokinetic nystagmus. It has recently been demonstrated that vestibular

nystagmus can be induced by pure linear acceleration and by a roiating linear-
acceleration vector; the former may reflect otclith contriéution, while the latter
is attributable to deformation of the semicircular canals (Young, 1969; Steer, 1967).
A variety of rotational tests are used with eye-movement measurements to indicate
the pathology of the nonauditory labyrinth. A related type of eye movement induced
in the clinical situation is caloric nystagﬁ;;T_ﬁ;;;—;;:;;;;l semicircular canals
are stimulated by the convection currents induced in the canals upon introduction
of water ahove or below hody temperakure into the external ear. The temperature
change necessary to induce nystagmus and the duration and strength of nystagmus

for standard temperatures consitute a set of clinical mecasurements useful ir the
diagnosis of vestibular disease.

Spontaneous nystagmus, or gac.: nystagmus, is an anomaly of nystagmus

associated with a numbar of neurological disorders. This nystagmus may be either




large enough for direct observation or less than 1°, requiring recording for de-
tection. Gaze nystagmus is observed only when the subject looks in a certain
direction. The nystagmus may be eithier asymmetric, containing a slow phase and

a fast phase, or 'pendular," showing fine high-frequency oscillations of 4 to

10 Hz. Some of these abnormal eye movements are too small to be observed in close
clinical examination and are important diagnostically. Recording of nystugmus as
well as the ability of subjects to follow targets with normal saccadic and pursuit
tracking promises to become more widespread.

Torsional eye movements are rotation movements of the eye about the line
of gaze, and they are generally limited to angles of less thor 10°. The rolling
motions may be stimulated by rotational optokinetic nystagmus or by two types of
vestibular responses. The torsional component of vestibular nystagmus or compen=-
satory eye movement in response to head rotation is similar to the horizontal and
vertical vestibular nystagmus mentioned above. In addition, the phenomenon of
counterrolling or steady~state offset of the eye about the torsional axis in
responsc to tilt of the head with respect to the vertical, has been demonstrated
and shown to be attributable to the human otolith or vestibular gravity receptors.
As such it has been suggested as an important measurement of otolith function

(Woellner and Gray.iel, 1959).
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PUYSICAL CHARACTERISTICS OF THE EYE WHTCH ARE USED IN EYE MOVEMINT MRASUREMENT

3.1 The Retina

3.2

The eve has no proprioceptive feedback, in terms of counscious pusition
sense. It does, however, contain the retina which moves with the eye and makes
possible the subjective assessment of eye movement. Among the earliest quanti-
tative techniques for determining the velocity of the eye during pursuit and
saccadic eye movements was the use of after-images. A small light, flashed per-
iodically, will leaﬁe a trace of after~images, the density of which indicates
fixation duration and the spacing of which indicates the velocity of eye movements.
After-images separated by as !ittle as 15 arc minutes can be resolved, and the
technique is usable ovar the entire range of eye movements. 1It's chief drawbacks
are, of course, the subjective nature of thes measurement and the fact that it
can only be used for a brief interval, after which the subject must report on
the number and placement of his after-images. It is of practical use currently
only for the measurement of ocular torsion where it provides a convenient and
relatively accurate measurement and for which there are no readily available

automatic methods which are economical, simple to apply, and easily analyzed.

The foves contains thousands of light absorbing radially oriented
crystals which selectlvely absorb linearly poldarized light. Kaufman and Richards
(Rlchards and Kaufman, 1969; Kaufman and Richards, 1969) used rotating polarized
blue light to form a "spinning propeller" after image relative to the subject's

fovea to determine fixation points.

Corneo-Retinal Potential

A potential difference of up to 1 mv between the cornea and the retina
(cornea positive) normally exists in the eye, and is used as the basis of the
most widely applied clinical eye mcvement technique - electro-oculography. The
precise basis of this potential difference,once attributable to the electrical
activity of the retina itself, is now ir question once again. This potential
has important variations diurnally and also with the level of light adaptationm,

decreasing following steady periods fn the dark (Gonshoor and Malcolm, 1971).
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3.4

For stable electro-oculographic measurements, especially in the dark, the subject
should be permitted to adapt to the ambient illumination level to be used in

the experiment for thirty to sixty minutes prior to the experiment.

The negative electrical pole lies approximately at the optic disk,
15 degrees displaced from the macula. Since the electric field is not aligned
with the optic axis any torsional rotation of the eye introduces a potential
change which can be mistaken for horizontal or vertical eye movement. This
very geometry, however, makes electro-oculography a possible, though difficult

method for measuring ocular torsion (Gabarsek, 1970).

Electrical Impedance

The impedance measured between electrodes placed at the outer canthi
of the two eyes varies with eye position. The variation in this resistive
component is either associated with the non-homogeneous or anisotropic nature
of electrical characteristics of the tissues in the globe or with the non-
spherical characterisiics of the globe so that the resistivity of the path
between the two electrodes changes with position (Sullivan and Weltman, 1963;
Geddes et al, 1965).

The Corneal Bulge

The cornea, attached to the sclera at the fgont of the eye
and centered close to the optic axis, has a smaller radius of curvature than
the eye itself. This forms the basis for a number of important methods of
eye movement measurement. In the early days of research on eye movements,
attachments were made directly to the cornea by a plaster of paris ring and
mechanical linkages to recording pens (Delabarre, 1898). The bulge of the
cornea can be felt through the eyelid of the closed eye, and pressure trans-
ducers placed over the eyelid can detect these changes. In more recent times,

the cornea has acted as a mechanical post to center tight fitting scleral

contact lenses to Which other measurement devices are attached. It should




be noted that the cornea itself slips slightly with respect to tho sclera
when forces are applied to the cornea, and probably slips slightly during the
eye acceleration phase of saccadic eye movements. Contact lenses applied to
the cornea itseif are not an adequate base for the accurate measurement of
eye position, and large contact lenses conforming to the sclera as well as
the cornea are necessary for systems in which stability of better than a

few minutes of arc is desired. The nominal curvature of the cornea for .a
adult human is approximately 8 mm radius for an eye of 13.3 mm radius. Once
a contact lens is fitted, its position can be measured by any of a number of
methods.

Corneal Reflections

The front.surface of the cornea, although not a perfect optical
surface, approximates a spherical section over its central 25 degrees. As
with a convex mirror, reflections of a bright object from this surface form
a virtual image behind the surface which can be imagéd and photographed
or recorded. The position of the image commonly seen as the highlight
in the eye, the corneal reflection, is a function of eye position. Rotation
of the eye about its center produces a relative translation as well as
rotation of the cornea, forming the bases for the important class of eye
movement. instruments known as corneal reflection systems.

Reflections from Other Optical Curvatures in the Eye - Purkinje Images

Although the biightest reflections of incident light come from the
front - :irface of the cornea, light is also reflect:.-: from each surface of the
eye at which there is a change in refractive index. Reflections come also from
the back surface of the.cornea. the front surface of the lens and the rear

surface of the lens. These four are referred to as the Purkinje Images.




After the bright front surface reflection, the next most visible Purkinje
image is the fourth, coming from the posterior surface of the lens. Measure-

ments of the relative displacement between the first and fourth images,

representing as they do, points focused imaged from planes of different

depths in the eye, represent one technique for actively measuring the orien-
tation of the eye in space independent of its relation to head position.
The Limbus

The iris of the eye is normally visible and clearly distinguishable
from the sclera, and is the basis for the noramal visual assessment of the angle of
gaze. The position of the iris-scleral boundary (the limbus) may be measured with
respect to the head. The ratio between dark iris and bright sclera observed on
the left and right side of the eye may either be measured directly with photo-
sensors or indirectly on an image of the eye. This ratio is directly related to
the horizontal position of the eye. The best wavelength for making the distinction
between iris and sclera depends to some extent on the iris color, however, mixed

white light is normally reasonably effective.

3.8 The Pupil
The pupil is easily distinguished from the surrounding iris by its
difference in reflectance. The pupil can be made to appear much darker than
the iris under most lighting conditions when the majority of light does not

cvome in directly along the axis of measurement, and consequently is not reflected

out. On the other hand, the pupil can be made to appear very bright (as often

seen in amateur full-face flash photography) when most of the light enters along

i
the optic axis and is reflected back from the retina. In either case the pupil

can be separated from the surrounding iris optically. This can be especially
sharpened with the use of infra-red light which will be nearly entirely absorbed
once entering the eye, consequently make the pupil much darker than the
surrounding iris. The pupil normally varies between 2 and 8 mm in diameter in

adult humans. Although it is actually slightly elliptical in shape, it can be
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approximated closely by tracing the best fitting circle to the ﬁupil circumference

with an image dissector technique. Thecenter of the pupil is also tasily located

electro-optically or on film for hand analysis.

The pupil appears elliptical when vicwed other than along the optic axis,
with the minor axis shortening in the axis of eye rotation. The pupil eccentricity

could serve as a basis for eye angle measurement.

3.9 Other optical and Non-Optical Landmarks

In addition to the iris and the pupil, other optical landmarks can be
traced. Scleral blood vessels or folds of the iris can be ;déntified by hLand or
traced with optical tracing techriques. (These are of practical application
only in the measurement of ocular counterrolling.) The retinal vessels
which can also be imaged and tracked, provide one of the most accurate techniques
for determining the place on the vetina where a given target is imaged and
consequently tl.e exact fixation point of the eye. The retinal vessels,
approximately 0.2 mm in diameter, radiate from che optic disk.

Some artificial landmarks have also been placed on the eye, and their
positions recorded. A globule of mercury (Barlow, 1952), chalk and egg membrane
have been used for optical tracking. A small piece of meral imbedded in the

sclera has been used for magnetic tracking of eye position.




4. MAJOR EYE MOVEMENT MEASUREMENT TECHNIQUES

4.1 Electro-Oculographv

4.1.1 Principle

Schott (1922) and Mowrer, Ruch, and Miller (1936) found that the position of

the eye could be measured by placing skin electrodes around the eye and recording potential
differences. The source of the electrical energy is the corneoretinal potential,
or electrostatic field which rotates with respect to the eye. The cornea remains
0.40 to 1.0 mv positive with respect to the retina; this is attributable to the higher
metabolic rate at the retina. As the eye rotates, the electroétatic dipole
rotates with it, and consequently the potential difference in a plane normal
to the principal axis varies, theoretically, as the sine of the angl: of deviationmn.
Of course, the nonhomogeneous nature of the conducting medium causes wide
departure from the theoretical values. These techniques were reviewed by Marg
0951)and more recently by Kris (1960). Skin electrodes placed on the outer canthi
measure conjugate horizontal eye position. By reference to any third electrode
over the bridge of the nose, some measure of horizontal eye vergence may also be
detected. The recorded potentials are small, in the range of 15 to 200uv with
nominal sensitivities of the order of 4 uv per degree of eye movement.

4.1.2 Implementation

The signals are at times difficult to detect in the presence of large
muscle-action-potential artifacts, also picked up as potential differences by
the skin electrodes (Shackel, 1960). The presence of external electrical inter-
ference is troublesome unless care is taken to shield the system.

Normally, but not always, the DC recording method, which is necessary
to deter&ine eye position ‘s referred to as electro-oculography . (EOG), AC re-

cording, which is useful for measurement of eye movement, including the fast

and slow phases of nvstagmus, is referred to as electronystagmography (ENG).




Up until recent years,the problem of drift in both electrodes and DC amplifiers
made DC recording a difficult and frustrating practice. Gross patterns of

reading wovements (number of saccades per l}ne, numbgr of regregsions and fixation
durations) can easily be obtained from AC recording with time constants of 3 - 10
seconds or mere. With longer time constants, even the approximate position on

a line can be determined. An advantage of AC recording is that a high gensitivity
recording can be made without fear of having the record drift off scale.

DC recording has recently been made much more practical with two
electronic advances. New skin electrodes, especially silver-silver chloride
(Beckman or Becton-Dickinson for example) are easily applied with adhesive tape
rings, require no skin preparation other than cleaning with alcohol or acetone,
are of minimual discomfort, and resist excessive polarization over many minutes
of use. They also seem to be relatively less sensitive to changes in skin resis-
tance when led into any of the newer high input impedance (FET) preamplifiers.
Gold plated electrodes are also in use (Toglia, 1973). Placement of a high
common mode rejection preamplifier very close to the subject's head, proper
grounding of the subject through an ear electrode, and use of shielded cable can
help eliminate the disturbance from electromagnetic pick-up.

Conjugate horizontal eye movements are recorded between electrodes at
the outer canthi of the eyes. Placemant of the electrodes further back toward
the temples reportedly reduces the artifacts from muscle activity. Separate
recording of the horizontal movements of each eye is generally performed with
the use of a third common electrode placed over the bridge of the nose.

When both vertical and horizontal recording from one or both eyes is
performed, the errors introduced by coupling between the axes and by the

nonlinearity of the records can be considerable. Some improvement in the




cross coupling results from the use of "vector electrooculography" introduced by
Uenoyama, Uenoyama, and Iinuma (1964) and extended by Jeannerod et al (1966).

In addition to simultaneously displaying the x and y coordinates of eye movements,
they electrically short circuit the two superior electrodes and the two inferior
electrodes for the vertical eye-movement recording as seen in Figure 4.1. A
commonly observed overshoot artifact in EOG recording of vertical eye movements
has been attributed to the motion of the upper eyelid.

An alternative combination of electrode cutputs has been found useful
for simultaneous separate recording of the vertical and horizontal movements of
each eye (Bles and Kapteyn, 1973). By combining the individual electrode outputs
of Figure 4.1 , as indicated below, one can choose 8 and y during calibration

to virtually eliminate the effect of vertical eye movements:

Right eye vertical: D - E
Left eye vertical: F-G
Right eye horizontal: (A - C) + 8(D + E)

Left eye horizontal: (C - B) + y(F + G)

For animal work,the stability and signal to noise ratio of electro-
oculography can be improved considerably by the use of fine platinum needle
electrodes in the skin around the orbit or by the use of miniature permanently
implanted silver-silver chloride electrodes placed in holes in the bony orbit
(Bond and Ho, 1970).

4.1.3 Evaluation of Electro-Oculography

EOG has the largest range of any of these objective methods
practical for human studies, since it does not require visualization of the
eye. The method is usable for eye movements up to +70 degrees (Wolf and

Knemeyer, 1969). Linearity becomes progressively worse at excursions greater




than 30 degrees, especially in the vertical. Typical accuracy with surface
electrodes is + 1.5 - 2 degrees.

The chief sources of error are muscle artifacts, eye 1lid interferences,
basic nonlinearity in the technique and variation in the corneoretinal potential

attributable to light adaptation, diurnal variations and the state of alertness.

Potential improvement in EOG performance could come with the making

of integrated electrode amplifier assemblies attached directly to the skin to

eliminate noise susceptibility and minimize shielding requirements.
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4.2 CORNEAL REFLECTION

4.2.1 Principle
The corneal bulge produces a virtual image of bright lights in the

visual field and region. Because the radius of curvature of the cornea is
less than that of the eye, the corneal reflex moves in the direction of eye
mover=nt, relative to the head. Since it only moves- about half as far as
the eye, it is displaced opposite to the eye movement relative to the optic
axig or the center of the pupil as seen in the accompanying figures.

The geometry of the corneal reflex principle is seen by reference
to the accompanying Fig.4.2. Incident 1light from a source L (which is here
shown to be collimated for illustration) is reflected from the convex
surface of the cornea in a pattern of diverging light and is 1imaged through
a concave lens onto a film plate, television camera element or photocells
(Carmichael and Dearborn, 1947; American Optical, 1937; Taylor, 1971).
An inciden:t ray is reflected at an angle ¢ which varies with the displaccment
(x) of the center of curvature of the cornea perpendicular to the incident
ray. As seen in the dlagram, this displacement consists of two parts, a
displacement (r) resulting from eyeball rotation relative to the light source,
and adisplacement (d) equal to the linear displacement of the center of rotation
of the eye normal to the incident ray. The apparent displacement of the corneal
reflection to a stationaryobserver is x = d+ (A-a) sin8. The expected relation-
ship among reflectiou angle (¢) of asingle beamof light, eye rotation (6) and lateral
diaplacument of the center of the eye (d) is

sing = 2{(2-1stne + 3

Usually the small angle approximation for ¢ as well as 0 is used (Ditchbura and

Ginsborg, 1953) yielding

o = 2 {(3—1)6-’-%}
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which 1s valid only for small eye rotations and for small ¢, meaning that the

reflected beam is close to the incident beam. For side lighting, with a large
fanitial angle of roflection ($s), the appropriate equation is

sin(do + Ad) = 2{(-2- - 1)s8inb + %}

I

or

A6 = z{(f -1 + %}/cos%

for small cye rotations © and any initial reflection angle. *
The lateral head movement factor (d) can contribute a large error when
a
the head move: relative to the light. Ditchburn and Ginsborg point out that,

with A= 13.3 mm and @ = 8.0 om

¢ = 1.39 + 860d
with ¢ and O measured in arc minutes and d {n mm. (1 mm change in head position
is equivalent to an eye rotation of greater than 12 degrees.) For this reason
many of the fixed head versions and the head mounted devices require accurate
stabilization of the light source and recording device with a bite board or
head strap.

4.2.2 Specific Implementations

There are two basic types of corneal reflex methods, <epending on the
location of the light source. In the first, and oldest, the light source is
fixed with respect to the subject's head. To relate eye position to the
material being fixated therefore requires either a fixed head system, a method
for recording head position (linear and angular) or a technigue for recording
the field of view relative to the head at every sample. These methods are
referred to as head mounted or head fixed corneal reflex techniques.

The second corneal reflex method fixes th; light source in the target
field rather than to the head. By placing the light source in the target field,
movements of the corneal reflex relative to the pupil indicate the point of

tegard of the eya in the field, and not relative to the head. These techniques
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are re‘erred to as corneal reflex point of regard instrunents, and are much less

sensitive to head position. They are described in detail in Section 4.5.

4.2.2.1 Laboratory Corneal Reflex Camera

In the early AO Ophthalmograph, and its descendent, the Reading Eye 1,
the head was fixed with a chin rest and head rest, and reading material was
presented on fixed index cards. Small dim lights located temporally in the
peripheral field reflected corneal highlights which were imaged by a camera.
(See Figure 4.3 ). The horizontal motion of the corneal reflex of each eye
is recorded as a time trace on moving film, yielding a record such as that
shown in Figure 4.4 . Vertical and horizontal scan patterns can be shown
simply by stopping the film for a period. Timing marks can be added by
periodic interruptions of tiic iight.

As a variation of the basic corneal reflection technique to permit
continuous monitoring of vertical as well as horizontal eye motion, the
corneal reflex is split into two beams by prisms. Oae beam 1is recorded
on vertically moving film to yield horizontal eye movements, and the second beam is
directed to a horizontally moving film to record vertical movements (Buswell,
1935).

One laboratory Mackworth Camera is presently available, the Poly-
metric Eye Movement Recorder V-1164. It provides for the superposition of the
corneal reflection spot on movie film or a television picture of the scene. It
provides a + 1/2 degree accuracy, but strict hiad fixation is required. The
output of the system is graphic, but a 15 x 15 resolving digital unit is avail-

able to extract the spot position from a televisicn picture.

13G




Figure 4.3. The AO Ophtalmograph. (Taylor, 1971) Courtesy of
Educational Development Laboratories, A Division
of McGraw Hill Book Company

FIXATION

INTER-FIXATION MOVEMENT

RETURN SWEEP

OURATION OF FIXATION

Figure 4.4. Continuous Moving Film Record of Corneal
Reflections. (Taylor, 1971) Courtesy of
Educational Development Laboratories, A
Division of McGraw Hill Book Company
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4‘2.2.gﬂead Mounted Corneal Reflex Camera

An important extension of the basic corneal reflex technique, in

which the light source for the corneal reflex is still attached to the hégd, is
the head mounted eye monitor camera. In this free head system developed by
Mackworth and Mackworth (1958) a film or television camera, aligned with

the he1d during free head movements, continuously records the field of view.

The corneal reflex, measured as a reflect:d light spot from a peripheral

lamp, as in the head fixed system, is combined with the visual field scene
through a beam splitter and appears in the film or video display as a white

spot placed over the portion of the scene which is being fixated. The

system is shown schematically in Figure 4.5. The accuracy is poorer than

that with a fixed head system, approximately * 2 degrees since it s subject

to greater error from the relative movements of the light source with respect

to the eye associated with head movements. Several commercial versions of the
head-mounted Mackworth camera are available. When the camera is mounted directly
on the head, as in the early Mackworth helmet mounted camera system, the inter-
ference with head movements associated with the weight of the instrument were

considerable.

Recent advances have been aimed chiefly at reducing the weight and
moment of inertia of the portion of the eye movement recorder which must be
worn on the head. Some improvement was made through miniature cameras and

miniature TV systems. The largest advance, however, has been the mounting of the

‘camera separately and carrying the visual information, including corneal reflex
and the field of view from the head, to the TV or motion picture c.meri via

coherent fiber optics cables. An illustration of one such system is given in
Figure 4.6 1in which the head piece weight is reduced to 2 pounds. Note that

a bite board and head band are used for stabilization.
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The image
of a spot of light, reflected from the cornea, is transmitted by
an optical system in the periscope through a series of prisms. This
serves to superimpose the eye-mariker image on the scene image. The
combined image can be monitored througn the viewfinder as it is
photographed by the motion-picture camera. (Thomas, 1968) Copyright

Scientific American, Inc. All rights reserved.
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Figure 4.6. Mobile Corneal Reflex Eye Movement Camera. (Courtesy of
Polymetric Company).




A similar fiber optics version of the Mackworth camera, manufactured
by NAC has a body which weighs less than one pound, with another 5.3 oz for the
fibr v optics and 9.9 oz for a camera adapter - not carried on the head. Thi.
version is pictured in pigure 4.7.

An alternative approach to fiber optics for dropping the weight is the
use of a miniature TV camera on the head combining the corneal reflex as before.
A picture of suych a device and a diagram showing its principles of operation are
shown in Figures 4.8 and 4.9. This system, manufactured by NAC of Japan in
conjunction with a TV system from Rees Instruments, Ltd. of England recuires a
combining mirror in the field of view. Its weight is 3 1bs 13 oz with the camera
shown, reducable to 15 oz on the head, including cable, with a lighter camera

according to specification gheets.

4.2.3 Evaluation of Cornesl Reflex Methods

The uncorrected linear range of all corneal reflex systems which employ
a single light source for the reflex is limited to eye excursions of *12-15 degrees
vertical or hor:zontal. Larger excursions place the reflex in the non-spherical
and rougher peripheral portion of the cornea and require a complex (usually
computer generated) calibration and linearization technique. The reflex range
is ultimately limited by the size of the cornea and its partial disappearance

behind the lids. 1In addition to head movements, other factors which limit

the accuracy of corneal reflection methods to 0.5 ~ 1 degree are variations in

cornea shape and thickness of tear fluid, corneal astigmatism, and the production

of other reflections by eyeglasses (Hall, 1972).




Figure 4.7.
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Head Mounted Corneal Reflex Illumination, Viewing and
Combining Optics. (Courtesy of Instrumentation Maxketing
Corporation). 4-15
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Figure 4.8. Head Mounted Corneal Reflex System
with Miniature TV Camera (Courtesy
of Rees Instruments, Ltd.)
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Figure 4.9. Schematic Diagram for Head Mounted TV Corneal

Reflex System (Courtesy of Rees Instruments,Ltd.)
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The output of most of these systems is usually graphic and therefore
requires manual measurement and/or recording. But any of the systems which pro-
duce a single bright spot on film or directly on a video signal can be used to
provide conversion to the x-y coordinates of that spot. The most common of these

converters detects the brightest (or darkest) spot on the video signal and deter-
mines its x and y coordinates by the time of its occurence relative to the hori-
zontal and vertical scan sequen-es. Resolution is about equal to two video lines,
or about 1 part in 250 for conventional TV scans. This information can then be
digitized for further processing of the part of the field being fixated. Poly-
metric Co. makes a low resolution digitizer (15 x 15 matrix) for use with their

instrument. No other commercial quantitative devices exist for the simple corneal

reflex method.
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4.3 Limbus, Pupil and Eyelid Tracking

4.3.1 Basic Techniques

The sharp boundary between the iris and the sclera (the limbus) is an
easily identifiable edge which can be detected optically and tracked by a variety
of means; a human observer looking at the eye can do surprisingly well in deter-
mining where the subject is looking. If the entire iris were always visible, and
not partially hidden by the 1ids or orbits, it would be a simple matter to trace
its circumference and determine its center. However, because only part of the iris
is normally visitle, other optical methods, including pupil tracking are necessary
to find its center.

When only horizontal eye movements are of concern, then the left
and right extremes of the iris can be tracked, either by measuring the
gross difference in reflected iilumination from fixed areas of the eye
on either side of the central gaze position, or by tracking the limbus
with a video scan system. When vertical measurement is also required,
one may track either the eyelid level, the pupil position, or the vertical
motion of a visible part of the limbus. Nearly all limbus tracking systems
use invisible, usually infrared, illumination. They all measure the
position of the limbus relative to the photodetectors. For head-fixed
photodetectors and illuminators, free head movement is possible and the
measurement is of eye relative to the head.

The pupil cffers a number of distinct advantages over the limbus.
First, it is smaller and therefore unobscured by the eyelid for a much greater
range of eye motion. For large eye motion, it presents to the observer or the
observing instrument a greater portion of the round or slightly elliptical
shape. The center of the pupil virtually coincides with the foveal optical

axis of the eye. There is a 5.7° deviation between the two, but with most




measurement techniques this can generally be calibrated out. The edge of the
pupil is ugually a crisper, sharper boundary than that between the sclera and
the iris. This makes for a higher resolution measurement.

On the other hand, the pupil, when viewed under normal illumination
appears black and therefore presents a lower contract with its surrounding iris
than the iris does with respect to the sclera. This makes it a more difficult
problem to automatically discriminate the pupil. If collimated illumination is
used, however, the light is reflected from the interior of the eye and to an
observer looking along the illumination axis, the pupil appears bright. This
effect is often seen as "pink eyes" in flash photographs where the flash lamp

is close to the camera lens. This phenomenon is employed in the Honeywell

Oculometer and other similar devices (Merchant and Morrissctte 1974). See Fig. 4.10.
Another characteristic of the pupil which provides both an advantage

and a disadvantage is the fact that its diameter varies as a result of both psy-

chological and physiological influences. This makes measuring the center of the

pupil somewhat more difficult but it does provide in many techniques the pupil

diameter as a collateral output of the measurement which may be of interest to

the experimenter in correlating with the position of the eye at any point in time.

4.3.2Specific Implementationg

4.3.2.1Scanning Methods.

One technique involves scanning of the eye with a normal TV camera,
which has sufficient sensitivity in the near infra-red region (700 - 900 mu)
to be effective with IR lighting. Horizontal sweeps which inie>rsect the
irig and the pupil have a video signal as shown schematically in Figure 4.11.
The horizontal position of the limbus or the pupil is determined by the horizontal

sweep of the line crossing the center of the iris with video contrast very high.
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Figure 4.10. TV Picture of a Bright Pupil.
(Merchant and Morrissette, 1974).

Q 4-20

ERIC 14

r v
P e




viDED
SWGNAL

MEASUHRE OF HORIZONTAL EYE POSITION
{ONE SCAN LINE ACROSS EYE)

Figure 4.11. Scanning Method for Tracking Limbus. (From "Recording
Eye Position," Biomedical Engineering Systems, Clynes &
Milsum ed. Copyright 1970, McGraw Hill Book Company.
Used with permission of McGraw Hill Book Company.




The time from the start of the sweep to the drcp in intensity at the first iris
boundary is a measure of the eye horizontal position relative to the camera. Since
the total sweep time is 62 microseconds, resolution of 1/500 of the line length
(comparable to vertical resolution) requires circuitry to give time resolution

of 0.1 microseconds, which is now within the state of the art. Choice of which
line is to be measured can be done in two ways. One is to measure the left iris
boundary every sweep, and select the one which is furthest to the left as the
mid-line. The other method is to rely upon the vertical eye position measurement
to select that horizontal sweep which crosses the center. For example, measuring
the top and bottom sweeps which intersect the pupil, yields pupil diameter as well
as vertical pupil position. That line which is mid-way between the pupil top and
botton can be selected as the mid-line and its intersection with the pupil or iris
measured (Sheena, 1973). See Figure 4.29. Vertical resolution is limited by
scan line density. For standard US systems this yields, at best, 1 part in 212
per field (2 fields/frame) at a 30 Hz rate or 1 part in 525 at a 60 Hz rate.
Horizontal measurement of the pupil boundary has to take into account the

varying pupil diameter.

Other methods of scanning have been applied to tracking the limbus or the
pupil. A programmable video scan, or image dissector can be used to trace the
circumference of the pupil for determination of the center (Merchant, 1969) or
to trace only the visible portion of the curve of the limbus and from that infor-
mation calculate the coordinates of its centroid (Sheena, 1969). This latter method
permits large eye excursions. Instead of {lluminating the eye unifcrmly and tracking
with a wide scan, one can scan a small spot of light across the eye and measure
the return reflected light at every instant. Cornsweet (1958) used such a flying
spot scanner to track the limbus. Rashbass (1960) used it to maintain a small
sweep tangent to the limbus at a fixed angular orientation, thus measuring the

vertical and horizontal eye position from tracking a single part of the limbus.
See Figure 4.12.
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Figure 4.12. Various Scan Methods Applied to Tracking
the Limbus and Pupil




A TV camera with an image dissector has been applied to precise

tracking of the corneal reflex (Ishikawa et al, 1971). The main horizo-.tal
sweep is a normal full picture left to right scan, which is used for
approximate location of the bright reflex, whereas every secoud sweep is a
short (high resolution) line centered in the part of the field containing
the reflex. This combination scan of coarse slow and fine rapid sweeps was
used to track vertical and horizontal eye rovements over the range of + 15

degrees with a resolution of 0.G1 degrees and frequency up to 15 KHz.

4.3.2. Differevrrial Reflection Methods

Scanning methods involve fixing the head or the weigiat of a TV, other
scan mechanism or the fiher optic connections from a head-mounted device. Similar results
can be obtained by measuring limbus position with two or more small photc-
cells viewing appropriate parts of the eye, either directly or examining its
image. Just as with the scanning systems,there are basically two choices =
either broad illuxination and tightly constrained fields for photodetection
or the use of focused slits or circles of 1li{ght on the eye with relatively
large detection regions. Each of these methods is used, although the most
commcn uses broad field fllumination so that onlvy one source and no mask
is required.

In the earliest versions of this device, Torok et al (1951) and Smith
and Warter (196G) imaged one side of the eye on a small horizontal slit
placed in front of a photomultiplier, As the eye moved horizontally, the
image on the slit contained more or less bright sclera, depending on the
direction of eye movement, and thus the photocell output varied. Accuracies
of 15 arc minutes over several degrees were obtained with careful head
restraint. A current commercial version of this technique is shown in
Figure 4.13. This tracks the horizontal movement of each eye by recording
differences in outpit of two photocells on upposite sides of the iris

image. All of those methods require a fixed head and a fixed place for

)
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Figure 4.13. Differential Reflection Reading Eye Movement
Measurément Device. (Courtesy of Biometrics
Division, Narco Bio-Systems, Inc.)
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reading material. Richter (1956) piaced the light and photocells on goggles
worn by the subject, and relied on diffuse reflected light from the sclera
rather than an image. Stark and Sandberg (1961) use¢. two small lamps
{1luminating small disés on the two sides of the iris, and recorded

the difference in reflected light from two photocells viewing these areas.
(See Figure 4.14.) The two cells permit a larger range of horizontal eye
movement (to *15 degrees) , a more linear relationship than a single sensor,
and relative insensitivity to vertical movements because of the push-pull
sensor arrangement. With photodiodes attached tc a spectacle frame, accuracy
is over the order of 15-30 arc minutes. When the head is rigidly held in
place with a bite board, and narrow beam photodiodes used with a cange of

a few degrees, resolution of 10 arc second is possible (Zuber, 1965). The
interference of any changes in ambiant illumination is now overcome in

most systems by illuminating the eye with chopped light, and then demodulating
at the same frequency. Chopper whez=ls in the light path are useful in
immobile systems (Wheeless et al, 1966), but infra-red light emitting

diodes (GaAs) are small and preferable for monitors whick are built on
spectacle frames to allow free head movement (Young, 1970), as seen in

Figure 4.15. Findlay (1974) used a bifurcated fiber optic bundle to bo.h
illuminate the limbus and to collect the reflected light as shown in Fig. 4.16.
In this manner both light source and detector are effectively placed closer

to the eye resulting in a smaller ifluminated area sensed by the detector.

Measurement of the vertical position with the differential reflection

methods is difficult, for the samz reasons as with scanning techniques. For this
purpose, Young tracked tne upper 1lid positior with the output of two
photodiodes arranged te be relatively insensitive to horizontal motion. A
new variation on tkis method by Mitrani et al (1972) uses a third photocell
" and a separate light source to measure the vertical eve movements by tracking
the related lower 1id height. As seen in Figure 4.17 the light from this

source falls directly on the additional photocell, partially shadowed by
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Figure 4.14. Light and Photocell Arrangement for Limbus
Tracking. (Stark et al., 1962).
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Figure 4.15. Spectacle Mounted Differential Reflectivity
Device. (Courtesy of Biometrics Division,
Narco Bio-Systems, Inc.).




Figure 4.16. Limbus Tracking with Bifurcated Fiber Optics.
(Findlay, 1974).

PO~ Photodude
LS~ Light source

Figure 4.17. Tracking of the Lower Lid. (Mitrani, et al., 1972).
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the lower 1id. Although linearity is a problem for large eye movements,
resolution of 15 arc minutes, comparable to the horizontal,is repcried.
Finally, the differential reflection technique can be extended to

measurement of vertical eye movement by the proper positioning of the viewing

areas or the use of additional areas. Wheeless et al (1966), in an immobile

system with the head fixed using a bite board, brought an image of the eye
onto two cetectors, which could be arranged for horizontal or vertical
recording. The eye illumination, coming from a chopped source, was brought
to the eye with four fiber optic bundles and their projection lenses, as
shown in Figure 4.18. The eye viewed through a beam splitter with visible
illumination is imaged on a frosted screen. The four fiber bundles are
then manipulated to yield the pattern of four slits on the eye seen in
Figure 4,19,and the infra-red filter is replaced for recording. The
difference between the iris-pupil detectors 3 and 4 is a measure of vertical
eye position, independent of pupil diameter to first order. Another
variation described by Jones (1973) uses only two photocells. Using very
short focal length lenses (12 mm) and rectangular masks in front of each
photocell, he projects 3.8 x 0.5 mm strips of phctocell fiélds onto the
lower limbus in the orientation shown in Figure 4,20. Horizontal eye
motion effects the light sensed by the two photocells differentially,

while vertical motion changes them similarly. By separately adding and
subtracting the two photocell outputs, a monotonic, though nonlinear
measure of vertical and horizontal eye position is achieved with a simple,

light spectacle mounted device.

4.3.3 Evaluation of Limbus and Pupil Tracking Techniques

Many implementation of these techniques yield good results with good

.

accunmacies for a reasonable range. The output is an electrical record which can

have a good frequency response.
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Figure 4.18. Tracking of Limbus Image. (Wheeless, et al., 1966).

Powtion of Jetector b r bundles on eye image  Areas
I anu 2 are used for honzontal-motion detection, 3 and 4 for
vertical motion detection.

Figure 4.19. Position of Detector Fiber Bundles on Eye
Image. (Wheeless, et al., 1966).
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Figure 4.20. Illumination Pattern for Two-Dimensional
Limbus Tracking. (Jones, 1973).




As noted, however, vertical eye muvements are a problem. Tae
technique also requires head fixing or a head mounted device. The latter can be
gquite light but precludes eyeglasses. Iris colcration can also be a factor in

its utilization.

4.4 CONTACT LENS METHOD

4.4.1 Basic Techniques

The most precise measurements of eye movement are made with one of the
techniques employing some device tightly attached to the eye with a contact lens
(Ditchborn and Ginsborg, 1953; Riggs et al, 1953; Yarbus, 1967 for example).
Conventional corneal lenses are too mobile to be of use, and all measurement systems
ause special lenges consisting of two individually ground spherical surfaces to fit
snugly over the cornea and sclera. For accurate recording it is essential for the
lens to move with the eye -~ both in steady dispiacement and during the high accelera-~
tion associated with voluntary saccades. Tight fit and lack of slip is achieved by
clese grinding tolerances and by the sucgion effect of 20 mm Hg or more negative
pressure between the contact ieus and the eye. Fender (196€4) pointed out one way of
developing the negative pressure by filling the cavity with a 2% sodium
bicarbonate solution which osmoses out through the tissue. Yarbus (1967)
achieved the accurate tracklng required for image stabilization work by withdrawing a
small amount of fluid through a valve after applying the lens. Withdrawing
air from under the contact lens is also effective for stabilization, but of
limited time use because of the lack of corneal irrigation. All of the
contact lenc systems cause discomfort, and the very tight ones usually
require the application of a topical anesthetic. Fender (1964) estimates

that even with the best current sia2%ilization, the lens slips behind the

eye about 1 arc min during a 1 degree saccade, and 6 arc min during a 9°
sacrade. The contact lens and its associated attached material should not
be of a size or mass to interfare with normal eye movements. Those which

include a protruding stalk preclide normal blinking.
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4.4.2 Specific Implementationg

The most commonly used contact lens system is the "optical lever",
in which one or more plane mirror surfaces ground on the leas reflect
light from a light source to a photographic plate or photocell or quadrant
detector array. (The latter is a solid state photodetector arrangement
which produces a pair of voltages proportional to the X and y coordinates
of a spot of light falling oa the sensitive area. It is used in the
double Purkinje image method discussed below.) The reflection from a plane
mirror has a number of accuracy advantages over the corneal reflection
techniques. First and least importaat of all, for the plane contact lens
mirror the change in reflection angle is twice the eye rotation angle
rather than 1.3 times as large. Second, the imperfections related to the cornea
are eliminated. Most important, however, is tﬁe fact that the angle of
reflection depends only on eye rotation and is independent of pure linear
displacement, as long as the incident beam still illuminates the mirror.

This fact makes the system largely unaffected by the inevitable small head

movements which interfere with corneal reflection methods. Collimated iight

is reflected from such a plane mirror and focused with a lens on an image

plane. Wnen the eye moves, lateral mo}ion of a plane mirror in a collimated

beam does not cause a shift in image position. Only rotation of the eye and

the mirror will produce deflections of the projected image (Ratliff and Riggs, 1950).
Nevertheless, because of the high inherent accuracy of the system, very cereful

head stabilization relative to the recording device is usually used.

One early version of the optical lever principle, by Ditchburn and

Ginsborg (1953) used a 3 mm diameter optical plate on the lens 35% off

the visual axis to reflect a slit of light through a cylindrical lens
camera to moving film for a record. The orientation of the slit and of

the camera determined whether horizontal or vertical eye movements were

recorded. Movements as small as 5 arc seconds can be recorded with the




optical lever, over a range of +5° . The frequency response of the system

is generally determined by the stahility of the lens in fol]gying the eye
end by the recorder response. 'When the plane of the mirror £§ not normal
to the visual axis, torsional movements of the eye also ef:ifect the feflected
beam angle. Matin an’ Pearce (1964) used this fact to advantage and embedded
two mirrors into the contact lens, one temporal and one nasal, so that the
reflected beams move in opposite directions during ocular torsion. By
resolving the beam deflections from an eye movement into orthogonal rotations
about the original axes with an analog computer, they were able to measure
3 axis rotations to within 2 arc seconds.

Those techniques using flush, embedded mirrors suffer from changes
in mirror properties with tear film, especially when the output is measured
photoelectrically rather than photographically. For that reason several
contact lens optical mirror systems employ mirrors or lights mounted on
stalks projecting from the lens. Fender (1964), in one version, attached
a single mirror to the end of a stalk for two axis recording and at
other times used orthogonal mirrors for 3 axis measurement. Construction
details of one Haptic contact lens unit with a stalk/mirror are shown in
Figure 4.21. A small light,weighing less than ﬂ)mghas also been muunted at
the end of a contact lens stalk parallel to the visual axis to throw a
moving shadow across a pho*omultiplier face for accurate recording of
horizontal or vertical miniature eye movements (Byfor-, 1962). Byford
shows that his aluminum stalk and lamp 2ssembly had mechanical resonance
peaks at greater than 200 Hz (the one chosen was at 350 Hz) and were
adequate for the caicirlated 150 Hz bandwidth required for miniature
saccade displacement reccrding. Further tests usinga 1/8 inch o.d. hollow
perspex stalk showed it to have a high enough resonance peak for satisfactory

use for retinal image stabilization. One way of creating a small light source
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Haptic contact lens with stalk/mirror unit attached.
0-0' optical axis; R to suction reservoir; T poly-
ethylene tube 1/16 in.o.d.; M flat front surface
mirror; P grease pad (M may be mcved laterally on P

for collimation purposes); S stalk 1/8 in.o.d., drilled
bore 1/16 in. i.d., to allow entry of suction tube T;

C corneal section of leng; L tramnscurves over limbus;

H haptic section; D Durofix seals; U cup.

Figure 4.21. Plane Mirror Attached to Scleral Lens.
(Boyce and West, 1968).

4-3°




on the contact lens without a lamp and its associated power leads, and

thereby permitting 1id closure, is by using a small radiating source.

Nayrac et al (1969)placed a small bit of the luminescent piiosphor containing
radioactive tritium on the contact lens. The 1l mm2 surface glowed brightly

under ultraviolet illumination. The position of the spot and thus the eye,

was monitored in two axes by use of two optical density wedges, placed in

front of separate photomultipliers for recording horizontal and vertical motions.
They report a resolution of 20 arc minutes, which is poor for a contact lens
system, but a useful range of 0.3 to 30 degrees.

A recent addition to the repertoire of optical contact lens methods is

one in which a multiple line pattern, fixed to the contact lens stalk, is imaged
through a slit on moving film, as shown in Figure 4.22. The film pattern of one
thick and several thin lines shown schematically in Fig. 4.23 contains all the

information needed for measurement of vertical, horizontal and torsional eye
movements z2s a function of time.

The principal non-optical contact lens measuring method is the search
coil technique introduced by Robinson (1963). Two small wire coils, oriented
perpendicular to each other and embedded in the contact lens, pick up an
induced voltage from two large perpendicular electromagnetic coils surrounding
the subject. The induced voltage in each coil varies only with the sine of
the eye angle relative to the magnetic field, and is independent of head
position within the uniform portion of the field. Use of different frequencies
or quadrature phases in the two large coils permits the detection of the
angle between each search coil and each driving plane, and therefore stable
three dimensional angular localization to the order of one arc minute over
large angular excursions. Voltages are read out through light flexible
wires extending from the lens. Extension of this technique to implanting
the coils on the globe for chronic animal experiments permit the precise

repeatable localization of eye position.
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Figure &4.22. Line Diagram Fixed to the Eyeball by
Means of the Scleral Contact Lens.
(Forgacs, et al., 1973).

. E?.l 7’;\.»
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The modified photonystagmographic method of Forgacs.
\When properly sct, on the surface of the film cassette facing the lens (4) of a special
camera (3)—provided with o-1 mm. wide transversal slit (6)—the magmtfied, sharp picture
5) of the hne diagram fixed to the cyeball (1) by mean: ‘ the scleral contact lens (2) is
obtained. This picture is crossed ..y the transversal slit 0). The thick line of the line
drawing 15 perpendicular to the slit, while the thin lines intersect it at an angle of 30°.
n the hlm moving dowawards (8) in the cassette behind the transversal slit at a constant
ced of 10 nmfsec., curves in a number corresponding to the number of points of
wsection between the lines of the diagram and the transversal slit are depicted as the
cye moves. Tlus set of curves makes up the photonystagr.ogram (7).

Figure 4.23. The Modified Photonystagmographic Method
of Forgacs. (Forgacs, et al., 1973).
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4.4.3 Evaluation of Contact Lens Methods

Although the contact lens systems offer the best resolution of any
system down to 5-10 arc seconds, they do so in general at the sacrifice of
range. They are normally applicabie for the study of miniature eye
movements and, with the exception of the nagnetic search .21l method, are
inappropriace for movements of greater than 5 degrees. The expense and
discomfort of the contact lens makes it a technique more suitable for use
on a few subjects for physiological studies of fixation than for wide-
spread investigation of reading.

The dangers of fitting a contact lens with negative pressure are also
considerable. There is the possibility of deforming the cornea and the worse
hazard of damaging the accommodation muscles as a result of the pressure stress
placed upon them.

4.5 Point of Regard Measurement: Tracking of Corneal Reflection Center
with Respect to the Pupil Center

4.5.1 General Principle

It is often of interest to the investigator to know the fixation
point of the subject as it falls in space rather than the position of the eye
with respect to the head. In other words, one wants to determine where a subject
is looking regardless of whether his eye got there through eye rotation or head Qotion.
Clearly the two measurements are equivalent if the head is fixed, or the position
of the head may be measured by ary of a number of techniques and the position of
the eye in space deduced by summing the relative position of the eye to the posi-
tion of the head. Various head position measurement techniques will be discussed

in Section 4.8.

One of the main problems of measuring eye direction optically is that
of separating lateral motion of the eye relative to the observer or the sensor
and rotary motion of the eye relative to the scene. For example, eye rotation
can be measured by tracking the corneal reflection of a suitable source, however,

it is not possible to distinguish of motion of the corneal reflection which resilts
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from rotation or translation. Jnless the corneal reflection tracker is the head-

mounted variety d.scrited in a pravisus section, lateral motion of the bead will
introduce large errors approxiuately 1° of error for every 5 x 10—3 inches of
lateral head motion. It is difficult to eliminate this head motion completely
by any fixing methods.

A desirable method is one which would allow relatlvely free, natural
head motion and measure the position of some parameters of the eye in such a
manner that they would indicate eye rotat:ion only and consequently point of gaze
in space. This may be done by measuring features of the eye which only change with
rotation or by measuring the positions of various details on the eye which move
differently as”a function of head motion and eye rotation such that pure eye
rotation can be deduced from them. Two features which satisfy this requiremené
are the corneal reflection and the center of the pupil. Each has been indepen-
dently used for eye position determination but differentially they provide a
powerful tool.

4,5.2 Specific implementations

The corneal reflex was discassed at length in a previous section.

It possesses a very useful property. If a subject is looking directly at a
light source, and an observer is looking at the subject's eye from a pcsition
at or very near the light scurce, then, from the obvious considerations of sym-
metry the corneal reflex will appear to the observer to be in the center of the
subject’'s pupil. This result may be used in either of two ways. First,

the image of the point on which the subject is fixating will be found in the

center of the pupil. Second, the subject's point of regard with respect to the

light source is approximately proportional to the distance between the image

of the light source and the cenzer of his pupil. These two properties are
equivalent to each other. 1In the first, the light source is moved and the
extent of this motion is effectively measured. 1In the second, the light source

is not moved and the error betwean its image aad the center of the pupil is
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Measurement of the center of the corneal reflection from the limbus is also pos=-

sible, but poses practical problems.

measured. Both results are monotorically related to the point of regard.

Both these approaches are applied to methods of eye point of regard
measurement. The first is effectively the inverse of the conventional corneal
reflex method where the reflections were superimposed on the scene being viewed

by the subject, and the eye position is determined by where the corneal reflection
falls on the scene. In the Wide Angle Mackworth Camera, the illuminated scene is
itself used as the light source for the reflection. By photographing the eye

at high magnification, the corneal curvature produces a superimposed image of

the field being viewed, with the position "being" fixated lying directly in the
center of the pupil. See Fig. 4.24. Since the entire field is being imaged over
the small area of the cornea, resolution is lost relative to the simple corneal
reflex method. This method is therefore not very amenable to high resolution
analysis. Also, in orde. to photograph a scene reflected from the cornea, the
field must contain bright 1§ _ sources against dark backgrouns. It does, however,
provide a method of obtaining eye fixation points without excessive head restraint
requircments. All that is required is that the pupil center be v:sible to the
cbserver or the chserving instrument.

A commercial instrument exists which performs this type of measure-
ment, The Polymetric Company Wide Angle Eye Movement Recorder. It outputs a
photograph (Fig. 4.24) from which fixation may be determined, or a 4 x 4 digital
position output provided with a television system. It offers a 40° maximum field of view,
+ 2.5 recording accuracy when manual determination is made and a 1 part in 4
electronic accuracy. The sampling rate is 12 photographic frames per second or
60 TV fields per second. The system requires no bite board. The subject looks

at the scene through a viewing aperture.
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Eye of two-year-old child.
Fixation on small square.
Four-sided grid marker used.
Stimulus material is
rear-illuminated transparency.

Figure 4.24. Photograph from Wide Angle Mackworth
Camera. (Courtesy Polymetric Co.).

TELEYISION CAMERA

BAUSCH AND LOMP
ILLUMINLTORS

INFRARED FILTERS

STIMULUS SCREEN

NLATERALLY PCSI®ICNED
INERARED LISKT

Iliustration of a system for recording eye be-
havior in infants. (A television camera. infrared lights,
a stimulus screen, and a baby are shown.)

Figure 4.25. Illustration of a System for Recording Eye
Behavior in Infants. (Haith, 1969) (Copyright
(1969) by the American Psychological Assn.
Reprinted by Permission).
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In another application of the wide angle corneal reflex technique
using multiple light sources, Salapatek and Kessen (1966) and later, Haith (1969)
developed a wide angle corneal reflex technique for use with the human infant. The
arrangement of fixed infra-red illuminators over the infant's head is shown in
Figure 4.25. The TV picture of the eye contains the corneal reflex of some or
all of the six infra-red illuminators ; scoring is done using video tape on a

frame by frame basis.

The x-y coordinates of the pupil center and of a particular infrare:i
reflection are measured with a curser whose position is outlined by a superimposed
cross on the video monitor. By use of a video mixing system, a second TV picture
can be added to the first so that each frame contains both eye position and a
picture of the field being scanned, as shown in Figure 4.26.

The wide angle Mackworth camera uses what effectively is a wide field
corneal reflex and determines which part of it appears in the center of the pupil.
A second version of this method is to use a single point corneal reflex and to
find how far it lies from the center of the pupil. This principle was put into
practice gy the Oculometer developed by Merchant (1969) at Honeywell. In the Oculo-~
meter a single light source is used to produce corneal reflex on the pupil. The
problem of obtaining net eye motion with respect to the scene is overcome through
the tracking of two elements of the eye that move differently with eye position
and head position. As discussed above, the pupil is viewed by observing optics
that are coaxial with the illumination optics in the Oculometer. The corneal
reflection appears always in line with the center of corneal curvature. The
apparent displacement of corneal reflection from the center of the pupil is thus
equivalent to the apparent displacement of the center of corneal curvature from
the center of the pupil which is obviously a function of eye rotation only. See
Figure 4.27 (Merchant and Morrissette, 1973). This phenomenon may be graphically
seen from Figure 4.28 which shows that the corneal reflection with respect to
the center of pupil position remains unchanzed as a result of lateral head motion

and changes for eye rotation only.




é wemamen 3
Lo naTons 3
| 4

— L}
33 :w:-_:‘ - ah0A 3
{ RN - S

L____r:r;.t.!, V'

—— sy A 5

FAZE A Mmoo LI
_M_J:r———-——ﬂ T A

poasty 1t _____._..:/
varm ! INCARRED Y, S 0LE
L.—___J ARIA ¥ -

@_‘_..18 '©

e o000,

RO VR v 2E0 TAPL MECOADIR

An illustration of a procedure for reco:ding
eye-to-eye contact between mother and child. (A mirror
At a 43-degree angle to the visual axes of the mother and
it = Laby reflects visble hehbt thus producing an apparent
natural vis-i-vis image to both. The infrared image of
the iniant’s eye is transmitted through Mirror ¥, re-
fccted by Mirror X, and then recorded by the top tele- i
<ision eyc camera The infrared image of the mother’s
fice is transmitted by Mirror Y and recorded by the
lnwer television face camera. The outputs from these
. two cameras are mixed into one picture and then recorded
onto video tape.)

Figure 4.26. An Illustration of a Procedure for Recording
Eye~to-Eye Contact between Mother and Child.
(Haith, 1969) (Copyright (1969) by the American

Psychological Association. Reprinted by
Permission).
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Center of
Corneal
Curvature

y

Virtual Optical Axis
Image of Eye
of Source

K Sin 6 To Oculometer:
From Center of
Pupil and

Corneal Teflection

Radiation from Source Within
Oculometer Reflected at Cornea

Figure 4.27. Displacement of corneal reflection from center of pupil, K Sin %,
is proportional to the angular direction, 6, of the eye, and is

independent of the position of the eye. (Merchant and Morrissette,
1974) .
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Eye looking straight ahead - note corneal reflection is at
center of pupil.

(b) Eye looking straight ahead bu: laterally displaced - note
corneal reflection still at center of pupil.

(c) Eye looking to side - corneal reflection displaced hori-
zontally from pupil center.

(d) Eye looking up - corneal reflection displaced vertically
from the pupil center.

Figure 4.28. Effects of Eye Translation and Rotation on Corneal
Reflection - Pupil Center (Merchant and Morrissette, 1974)
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A number of versions of this instrument exist which automatically find
the pupil center and corneal highlight in the x~y plane and calculate eye position from

the relative vector. These include the Honeywoll Oculometer, (Murchant and Morrissette,1973),

a portable Oculometer for transporation studies developed at the Department of

Transportation (Davis, 1971), the EG&G/Human Engineering Laboratory facility (Hall,

1973 .Monty, 1975), a laboratory Oculometer developed by the University of Alberta

(Petruk, 1974) and the Whittaker Corporation Eye View Monitor (Sheena, 1973).

Several techniques are available to present a non-visible light
source to develop the corneal reflection and to locate the pupil center and
corneal reflex on the image. Honeywell and Whittaker use an invisible infra-red
light source for th-. corneal reflection and use a TV camera with sufficient
sensitivity in the infra-red region to detect this highlicht easily. EG&G in their
origin‘l version used visible light. By having all of the light sources in the
room polarized except for a small portion by passing all returned light through
anot.er polarizing filter to a low light level TV camera, the corneal highlight
was sharply defined.

With the Honeywell Oculometer and others, the pupil is backlighted
and the resulting image is the bright pupil and even brighter corneal reflex
as in Figure 4.10. In some Whittaker units, and the EG&G/Human Engineering
Laboratories system, the pupil is black as is Figure 4.29.

The center of the pupil was determined in Merchant's original design
by an image dissector which traced the circumference of the pupil and tracked it
as it moved. As with any image dissector tracking system, this required some time
for reacquisition of the pupil whenev.. it was lost, a. for example during a
blink. However, currently, all of the systems appear to use a conventional TV
raster system in whiclh the geometrical coordinates of the pupil center and of
the high light are determined by timing signals on the video scan. For example,
if the corneal reflex corresponds to the brightest point in the picture, and
it was located in the upper left hand portion uof the picture a quarter of the way

down from the top and a quarter of the way in from the left, the highest voltage on
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the video scan would occur 25% of the time from the beginning of a new field
following the vertical sync, and 25% of the time across 2 horizontal scan line.
A variety of processing and pattern recognition aids in determining the center
of the pupil and correal reflection correctly have been developed in comnnection
with video systems. Indicators arn also superimposed on the video as operator
aids; see Figure 4.29 (Sheena, 1976). A Silicon vidicon television system
is also generally used for its high sensitivity especially in the IR region.
The most advanced Honeywell Oculometer can follow large head motion
by maintaining a field of view which covers the subject's eye by driving a
two axis mirror which compensates for gross head motion. The position of the
head when the eye is lost is detected through a search pattern. See Fig. 4.30.
With the EG&G/HEL system, the subject sits in a chair and views a
projection screen without even having to know that his eye is being observed
with a camera located undernesth the screen. This camera leads to a video
pro:essing system also attached to a PDP-1l computer. %ye movement and fixation
information is extracted and recorded in any of a number of formats including

video tape recording and others. See Fig. 4.31.

A variant of the basic single corneal reflection-pupil center vector
method was used by Hochberg (1974). He employs two corneal reflection spots
to eliminate the effect of distance variation from the optics to the sibject
or overall optical system magnification. The separation between the two spots
becomes the basic length around which all the other measurements are normalized.
This therefor ‘:liminates the need for absolute calibration. The pupil center

position 13 t measured with respect to a point equidistant between the two

corneal reflection spots.
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Most of these systoms use 3 digital computer. Sophisticated pre-
cessing is tﬁclefore poassible and correcction and linearization for vovisus
limitations of this measurerent principle can be overcome. 1In particular, the
corneal reflection method is generally limited by the curvaturce of the corneal
bulge to less + 15°. Beyond that the cornea flattens out and the measurement
becomes non-linear, although still monetonic. There may also be imperfections
and asyumetries in any individual cornea that makes the measurement non-linear;
changes in the tear film also cause a problem. As the pupil constricts and dilates

it does rnot normally maintain a fixed center with respect to the eyeball., All
these problems can be eliminated to a large extent by the processing

which is incorporated in the computer and circuitry of these systems.

Any system which determines the pupil center for eye

movement measurem-nt also can make pupil area cr pupil diameter av. {lable as
an additional output with virtually no additional electronics processing. With
continued interest iq lupil diameter as a measurement of tension or arousal, this
technique offers the ability to monitor the effect on pupil diameter of different
portions of the scene being scanned.

At the present time there are two known systems commercially available:
1) The Honeywell Oculomecter Mark II which allows a cubic inch of motion and the
Mark 111 which allows A cubic foot of notion; 2) the Whittaker Corporation Eye
Movement Monitor is also commerciaily available and allows about an inch of head
motion. The Honeywell unit provides an accuracy of 1° for a maximum range of
60° horizontal and 40° vertical with time constant of 0.1 seconds. The Whittaker
unit provides an accuracy of 1° for a range of 40° twrizontal and 30° vertical
with a sampling rate of 60 per second. Btk systems also provide instantaneous

pup il diameter.

/.5.3 Evaluation of the Corneal Reflection-pypj] Center _Measurement
There is no question that maintenance of a fixed head or attachments
to the head are difficult, uncomfortable, unsuitable for many subjects, and

may reguire long se:-up time. The methods, rherefore, that measure eye point of
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ga2€ relative to space without requiring any heac position measurement or
stabilization offer considerable advantage. They are comfortable; the data is
generally in a form very amenable for processing; and the illumination is
usually infrared, and therefore not annoying or disturbing. Many of the units
also incorperate a great deal of information and signal proces ing which allows
broadening the limitation of eye movement measurement to a greater range of eye
movement and even larger head mnvements allowances with signal improvements by
averaging, linearization and various cther correctioms.

This advanced and sophisticated instrumentation is more expensive than
the various other simpler more direct methods of eye movement measurement. It is
also generally bulkier and more involved to learn to use, although easier once
learned.

What these methods may lack is speed; the television systems can
operate only as fast as 60 samples per second. The basic speed limitation comes
from the lag of the TV camera tube. Also, precisions and accuracies are not as
good as those that can be obtained with head fixed contact lens, limbus tracking,

or corneal reflex methods.
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4.6 Measurement of Eye Rotation by the Doubl: Purkinje Image Method

4.6.1 Principle

As light passes through the eve, reflecticns occur at the various
intertace surfaces. At the surface of the cornea there is the well known
corneal reflection or the first Purkinje image; a second one occurs at th=z
reat surface of -ie cornea; a third at the front surface of the lens and a
fourth at the rear surface of the lens where it interfaces with the vitreous
humor. The second Purkinje image is relatively dim; the third Purkinje image
is formed in 2 plane far from the others and these two are not used in this
peasurement method.

Cornsweet and Crane {1973) used the first and fourth Purkinje
reflections as the two features of the eye which they track. Like the rela-
tionship between the corneal reflection and the pupil center, these two marks
move together under eye translation but differentially under eye rotation.

For purposes of simplicity the two surfaces in question, the
front of the cormea and rear ~f the lens, are assumed to resemble a clam
sheil arrangement shown in Figure 4.32 where both surfaces have the same
radius of curvature and have a separation equcl to their radius of curvature.
C1 is the center of curvatire for the cornea and CA is the center of curvature
of the rear of the lens. If these two surfaces are assumed to be spherical,
the effect of collimated incident light is to prr uce the two images roughly in
the center equidistant between the two surfaces. The distance that each image
moves as a result of eve rotation is related to the distance from the center of
rotation CR to the center of curvature for the surface that forms it. The
separation of the two images as a function of eye rotation A turns out to
be approximately given by § = 7 sin 4, where S is in millimeters.

Change in separation between these two images therefore is directly

related to the angular rotation of the vye and Indeoendent of head translation.
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Location of the first and fourth Purkinje images for (a)
collimated light on the eye axis and (b) collimated light at angle
A from optic axis of the eye: EA, eye axis; FT, first Purkinje
image; FH, fourth Purkinje image; L., lens; C, comea. The dark
sccﬂt.ion_ of arc is the equivalent mirror for the fourth Purkinje
reflecticn.

Figure 4.32. Simple Field Representation of Cornea and Rear
Surface of Lens. (Cornsweet and Crane, 1972).
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4.6.2 Implementation

Figure 4.33 shows the optics employed for this kind of measurcment.
From a light source S, circular zperture 82 forms two Purkinje images on the
eye. Cullection optics LA view the eye and irage the two Purkinje reflection:
on the two photodetectors P1 and P4. These are four quadrant photodetectors
which yield a signal proportional to the position of the image off center. They

control servomotorsto drive each image continuously ¢, center. The final output
is the difference in the electrical sigr-is that are generated in the servo-mechanisms
required to maintain a centered null condition. As the eye translates, both
images move in the same manner and the difference is effectively zerc. This is
performed in both axes. There is a net shift in the steady~state position of the
two Purkin‘’e images because of the optical arrangement and in order to separate
thon.

This instrument has been developing through a number of stages. The
recent units have allowable head motion of +0.5 cm in all three axes. Automatic
focusing has been included to allow head movements along the optic axis. The
field of view allows a coverage of j—_lSo vertically and horizontally. Although
very precise alignments are necessary to obtain the proper image position, the
illumination cptics hive themselvas been controlled to track the motion of the eye
and place the illumination on the pupil.

The bandwidth of the system,which is limited by the servo-motors which

drive the photodetectors, is quite high | up:ito 300 Hz. The instrument also

boasts an accuracy of ? minutes ot arc in response to 1° of step.

4.6.3 Fvaluatioo of the Double Purkiuje Image Eye Tracker

This technigu2 represents a new and promising way of monitoring eye
movements. It is the only,head movement independent,eye tricking method which
can measure eye position with such accuraries. It has a higher frequency response
than the television systems. In these ways it is -uperior tu the pupil center-

-

corneal reflectivon center method. -




target; R, allowed range of exe movements, IA, input avs; CA,
coliccting axis, ("A’, extension of collecting axis, S, light source;
Sy, artifical pupil imaged at pupil of exe; CW, chopper wheet;
Ss, source of Purhinje pattern, imaged at infinity; DC, dichroic
nirror; M, front curface micror; M, and M., motors that drive M
{ in x and 3 direcuon, respectively, BS, heam splitter; Py and P,
- quadrant photoeells; Ay, aperture in front of Py Focal lengths
’ of lrases L., L3, and L4 are 60, 150, and 90 mm.

Schematic of the eye-tracker optical system: VT, visual

Figure 4.33. Schematic Layout of the Double Purkinje Image Eye
Tracker. (Cornsweet and Crane, 1973).
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It is planned to integrate accomodation measurcment, using the
Stanford Research Institute Optomete:r {Cornsweet and Crane, 1972), into this
system so that the power to the eye is also measured along with eye rotation
for what is effectively a 3-dir..nsional eye position determination.

The eve tracker falls slightly short of other techniques in the
field of view (#15°) which is pupil diameter dependent. It also requires
higher illumination than the other techniques in order to bring the fourth
Purkinje image above the noise. The allowable head movement is, still, not
very large, but this may also be further increased. It appears also that
the optics need to be fairly close to the eye. What the system cannot pro-
vide is pupil diameter, but this may alse be later incorporated.

From the Tact that many of the original limitations in the incial
eye tracker design have been overcome and the perfor-mance improved, it seems
that many of these limitations are only technological rather than inherent

restrictions of the approach.




4.7 Measurement of Fixition Point by Determining the Rotation of a Plane
Attached to the Eve

4.7.1 General Principles

In this section are grouped the methods which measure some parameter
of the eye which varies with eye rotation but is for the most part independent
of head translation.

These methods include measurement of the orientation but not trans-
lation of some imaginary or real "plane" attached to the front of the eye relative
to a fixed observer. One way is to determine the apparent ellipticity of the
pupil to an observer. Other ways are to attach just such a plane to the eye, a
plane mirror with a contact lens or the plane of a search coil imbedded in a contact
lens (Robinson, 1963).

Another met:od invariant to head motion is the ttacking of an image
focused on the retina. If an eye is fixating a particular point in space, tt=n,
that point will always fall on the fovea regardless of head translation or eye
rotation. This principle was put into practice by a retinal image tracker
developed by Cornsweet (1958). Again the principle here is the measurement of
rotation of a plane attached'to the retina.

4.7.2 Specific Implementations

4.7.2.1 Ellipticity of the Pupil

When the pupil is viewed head on, it appears circular. If the eye
rotates, the pupil will have an apparent ellipticity. The apparent shape of the
pupil to a fixed observer will n * vary as the head of the subject moves, but only
as the subjcct's eye rotates. If the eccentricity of the pupil is measured
therefore, it would indicate the rotation of the eye only. One problem however
is that the measure is an even function of eye position and some other course
determinants would have to be used to differentiate between up and down and
right and left. A second problem is that a rather involved geometrical compu-
tation would be required. See Figure 4.34. There have, however, been no
successful implementations of this method. (Hall, 1972)
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Figure 4.34. Apparent Ellipticity of Pupil as Eye Rotates




4.7.2.2 Contact Lens Method

A plane mirror or a search coil attached to the eye provide a geo-
metrical "plane" whose orientation may be determined independent of tranmslation.
These two approaches were discussed in detail in Section 4.4.2.

4.7.2.3 Tracking of a Retinal Image

The retina is usually observed under wide field illumination, but
if the field were focused to a small spot on the retina and the subject were
fixating it, then the image of the illumination spot would clearly re.ain on
the same point on the retina. Clearly also, the retinal image of a second
point, near the first and in the same plane would be fixed to the retinal image
of the first.

Another way of viewing this concept is to consider a subject looking
at a very distant object, say a star; the image would not shift on his retina,
if he translates his head, but will obviously move if he rotates his eye. A
collimated light source is equivalent to a very distant object.

Cornsweet (1958) had a subject fixatz on one point and projected a
small rectangle of light on the optic disk as shown in Fig. 4.35. If the relation
between the fixation point and the spot is constant, the spct position on
the disk shifted only with fixation Changzs. A pronounced blood vessel was
selected on the disk, and the relative shift of the imaged spot was measured
by the distance the spot had to be moved to be repositioned on the blood vessel.
In other words, whenever fixation changed, the spot went off the blood vessel
and was repositioned there. This was actually accomplished by a flying spot
scanner which scans this spot.,and the instantaneous reflect2d light was viewed with
a photomultiplier. See Fig.4.36. The time from the beginning cf the scan to

arrive to the reference and vessel was directly related to shifts in fixation.

4-60




Drawing of the optic disk,
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. X tangle is the scanning
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Figure 4.35. Scanning of a Retinal Vessel.
(Cornsweet, 1958).
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Figure 4.36. Fundus Tracking System.
(Cornsweet, 1958).
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Resolution of 10 seconds of arc was possible with this method.
This was primarily limited by instrument noise. Blood vessel diameter changes,
cross-talk from vertical eye motion were also problems. Large eye motion would
move the spot off the disk and lose the measurement.

This is a very precise method not requiring a fixed head which seems
to be held back only by the practical problems associated with viewing the

retina. Technological advances in this areas are certainly possible.

|
1
1
i
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4.8 Heal Movement Measarasment to Obtain Point of Regard

All of the eye movement monitoring techniques fall broadly into two
categories - those that measure the position of the eye t."ative to the
head, and those that measure the orienation of the eye in space. TFor
studies of the eye movement control system, per se, the first category
. techniques normally suffice. When the concern is with identifying the
elements in a visual scene which are bging fixated or scanned, however

the orientation of the eye in space, or the "point of regard" is required.
Any of the first category methods can be adapted for use in the free

head fixation pattern application by measurement of head angle and position.
See Fig. 4.42. Whether or not head linear position is required in addition to
angular orientation depends, of course, on the freedom of head linear
displacement permitted, the disiance to the material being viewed, and

the desired system accuracy. For this consideraticn, we also review some
common techniques for measurement of head position, all of which can

be combined with eve position recording to yield the point of regard.

The only eye mwovement methods which give the angle of gaze relative

to a reference point in the visual fi-1ld are those with a camera mounted

to the head, those which track two separate points in different planes on
the eye, or those which measure retinal plane rotation. Any of the methods
which track a feature on the front of the eye or EOG must be corrected
for head position to give the point of regard.

Current and advanced methods of monitoring head angle (head
line of sight - L0S), suitable for comhination with eye measurement
techniques to yield eye poiﬁt of regard, are given helow.

411 of the head measurement techniques, with the exception of the eye
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tracking video method discussed in conjunction witk the corneal reflex-

pupil vector systems, require some attachment to the head. The attachments
may be as unobtrusive as cs:flecting surfaces or distinctive optical targets
taped to the head, spectacles or bite board, or they may involve a helmet

to carry the transducers. Basically five methods have been utilized: optical,
ultrasonic, electromagnetic, inertial and mechanical. All but the last can
be free of any mechanical connection between the subject's head and his

surround.

4,8.1 Optical Head Position Sensors

Optical x-y tracking techniques which have been developed for
tracking rockets or small variations in thickness in industrial processes,
can be used to locate the x-y coordinates of a small point attached to the
head. The basic scanning methods discussed under the corneal reflex implemen-
tation are applied to locate the brig!.test or darkest spot in a scene and

servo drive the camera or mirrors to keep it centered. One common variation

is

(o]

he use of a circular scan pattern which uses phase sensitive detection
of the video signal to determine the required direction to draw the circle
center for alignment over the target as shown in Figure 4.37. These devices
can be stabilized to resolve angular motions of a few seconds of arc with.
appropriate optics. By using three such targets, all translations and
rotations of the head could be calculated.

The most common optical head tracking devices employ a helmet of some
sort with an array of light sources (or photodetectors) on it, and the
complimentary devices fixed to the surround. One such system, built with
the idea of measurement of astronaut head angles relative to a large visor
or a fixed outer shell is shown in Figure 4,38, It uses three miniature
pulbed infra-ved LED's on the helmet liner and an array of 8 photodiodes
as receivers (Chouet and Young, 1974). The cross-roupling between head

angle measurements in various axes is minimized with a small computer and

(S
l(:‘compensation circuit. 64
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Figure 4.37. Circular Scan X-Y Tracker

4-65

142




o, . UGHT-EMITIING
3 DO0ES

(a) Helmet and disposition of eight photodetectors. (b) Helmet
liner with two LED. (c) Monitoring equipment.

Figure 4.38. Optical Head Position Sensor
(Chouet and Young, 1974).




The need for accurate knowledge of head position for a variety of
"Visually Coupled Systems" for hands-off localization and aiming has led
to the development of accurate and reliable head line of sight sensing
systems. Onc such system, shown in Figure4.39, was developed for tracking
the pilots line of sight within the restricted confines of a cockpit
(Ferrin, 1973). The Sensor Surveying Unit (SSU), fixed to the laboratory
or cockpit, emits two thin fan-shaped beams of IR , which sweep across the
photodetectors in the helmet, triggering each one at the moment of inter-
section. Use of the IR fans and detectors on each side of the helmet
increases the range of head motion allowed while still tracking the line
of sight. Although this and related systems appear bulky because of the
helmet and related display equipment, the actua. hardware which must be
worn on the head for head tracking is merely two or four miniature photo-
detectors.

A newer design proposed for the helmet line of sight measurement
uses four LED’s mounted on a helmet, each one pulsed at a different frequency
(Haywood, 1973) (see Figure 4.40). Up to four optical linear position proportional
detectors are positioned in the laboratory fixed frame. Each detector
measures the x-y coordinates of the image of each source in its field of
view, and thereby provides the computer with the informaticn required for
the resolution of the line of sight angles of the helmet. The goal for
such a system is *1 degree statric accuracy in head pitch and yaw over a
range of *75 degrees about each axis.

4.8.2 Ultrasonic Head Position Sensors

The use of multiple ultrasonic transmitters and detectors on the
helmet and in the laboratory permits head position to be sensed by <
measurement of the distance from each source to each receiver by means

of the sonic delay time. Practical implementation of a multiple source
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Figure 4.39. Head Line-of-Sight Sensing System (Ferrin, 1973).
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system to measure head position aand orientation was demonstrated at MIT's

Lincoln Laboratory for computer graphics applications. One possible arrange-
ment of ultrasonic transmitters and receivers, shown in Figure 4.41, is
especially useful for pitch and lateral rotation head movement seasing
(Sawamura, 1973). The weight of the helmet mounted portion can be reduced
by mounting the transmitter rather than the receivers on the helmet. Tests
of a similar system showed static errors of less than 1 deg rms. with range
of up to 360 degrees possible. The ultrasonic sensing systems inherently
provide head position as well as orientation information.

4,8.3 Mechanical Head Position Sensors

Head position can be measured by mechanical linkages to the target
field. Perhaps the simplest is the attachment of flexible shafts, one for
each axis of rotation to be measured, from a helmet to the laboratory bench.
Head freedom of motion- is restri-ted somewhat by the ;ables, depending on
their number and length.

The next step in.mechanical measurement is a form of goniometer for
measuring angles of one b&dy relative to another. These typically consist
of rigid or telescoping rods with potentiometers at each linkage to
measure head angles. Sperry developed such a rigid linkage system #ith
a magnetic quick disconnect for pilot helmet orientation measuremant. A
two gimbal system with a vertical and a horizontal potentiometer was combined
with a limbus reflection eye movement monitor to yield a practical eye
point-of-regard system. One end of the mechanical linkage is attached to
a point in the target field, and the other is held between the subjects
molar teeth, with a "pipestem"” bite board (Klein and Jex, 1970). The device permits
head movements of up to 20 cm and eye poii:t of regard measurements of better
than one degree accuracy over a range of 20 degrees vertical and 40 degrees

horizontal. Sec Figure 4.42. The same technique can be applied
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Figure 4.40. LED Line-of-Sight Head Position Measurement System.
(Haywood, 1973).
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Figure 4.41. Ultrasonic Head Position Measurement System.
(Sawamura, 1973).
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to measurement of the head position and orientation in all six degrees of
freedom by measuring all linkage angles and lengths. The six degree of
freedom system allows accurate head position ‘measurement witﬂin a volume
approximately two feet high and six feet in diameter, allowing full freedom
in yaw, and pitch of 30 degrees upward and 80 degrees downward.

An additional high accuracy mechanical heaq position sensor was
developed by Vickers (1972) using a telescoping tube with one end attached to the
ceiling and the other to the subject's head set via a universal joint. The weight
of the apparatus was supported by constant tension springs. Six rotary pulse
generators at the head set measured the six degrees of freedum changes in position -
with resolution of hundredths of zn inch in translation and 0.3 arc minutes in

rotation within a volume approximately 2 feet high and 5 feet in diameter.

4.8.4 Inertial Head Position Sensors

Inertial measurements of head motion can be made with miniature gyro-
scopes and accelerometers mounted on the helmets. The size and expense of sys-
tems to measure position accurately enough for eye fixation work is currently not
justified. However, for gross measures of subject angular velocity or acceleration,
as for studies of vestibular nystagmus, such systems are practical (Howland, 1961).
When linear accelerometers are used, care must be taken to separate the effects of
votations of the sensitive axis into the gravity vector from pure linear accelera-
tions, including the tangential and centripetal accelerations associated with
rotation. Simultaneous telemetry of eye movements (EOG) and head linear acceleration
during ballet rotation is useful in a qualitative assessment of head and eye
movements (Tokita et al, 1973).

4.8.5 Electromagnetic Head Position Sensors

Steinman (1974) described the use of Robinson's search coil (%963) placed
on a subject's eyeglass frames to detect the angular position of his head. The
subject was seated with sensing magnets around him and the measurement was ma. of
the relative orientation of the search coil with respect to the magnetie field

produred by the surrounding system.
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5. TRADE OFFS ANWD GENERAL CONSIDERATIONS IN INSTRUMENTATION SELECTION
FOR RFADING RESEARCIH

5.1 Iradeoffs
Fortunately, for a particular eye movement instrumentation require-

ment, such as reading research, not all of the highest performance criteria of
the various measurement aspects are needed to produce useful results.
Clearly some parameters are mor: important than others and the best possible
system that meets the minimum requirements can be chosen and employed.

As anexample, a researcher may not be interested in or need to-detect
fine eye movements; he may not need to lock at the high frequency details of

5

a saccadejor his range requirements may be small. He may ‘therefore be satisfied
with.a simpler less powerful instrument.

One of the first and most important trade-offs is that of subject
comfort and set-up time as opposed to accuracy and precision. One is invariably
at the expense of the other. Very high maximum accuracy of about 0.01° may be
obtained wiih tight-fitting contact lenses, but set-up and discomfort short-
comings ar2 obvious. Another trade-off is that of range and accuracy. A very
high range of greater than i50° can be obtained with electro-oculography. That,
however, is at the expense of poor DC accuracy, a high percentage of lost data,
considerable set-up time and artifact problems. Another trade-off is that
between speed and acise. When yideo signai data or other measuring systems that

would inherently generate noise are used, averaging and filtering may be

vsed to reduce the noise, but the price paid here is lowered frequency responsc.

One very important trade-off against most of the parameters is cost.
One can almost always pay more and get higher performance. This is apparent in
the newer devices and systems that employ sophisticated optics and electronics
to yield eye positics measurement.

In reading rescarch, it m:y be eye movements in themselves that are

of interest, the saccades, regressions, fixations, blinks, etc. It may often




not be necessary to relate this information to actual points in the scene. In

this cmse a method li¥.. EOG or a spectacle mounted limbus tracker may be the

most suitable since a virtually free head is tolerated and satisfactory data

is obtained. If point of fixation is i-:eded, however, some head fixing or measuring
method is needed or a point of regard system must be especially built or purchased
at a higher cost. Performance may also be reduced.

If testing of children ts considered, then a system must be chosen which
requires minimal subject training or cooperation. This may preclude the use of
contact lens methods Or even EOG under some experimental conditions. In these
cases, an instrument which can be set up quickly with minimum calibration would
be needed.

Considerable thought should also be given to handling the data coming
out of the eye movement measurement instrumentation. Again, there i3 a trade-off.
The simpler and the cheaper the form of the output, the harder it is to process.

A photograph or a video tape is a simple output, but is hard to handle. An analog
signal nutput is the next step up. It is easier to handle and to view but may still
pose some difficulties in large data ana’.ysis. A digital recordable output that
goes on digital tape or into a computer is most amenable to sophisticated analysis
but is the most costly and difficult to interface. Also time and expense is

required for the programming to extract the desired nformation.

Future development should be directed at treaking down the existing
limitations of the best existing systems. There can he two philosophies of the
most suitable kind of instrumentation for reading research; first, the concept of
a highly sophisticated eye movement research test center. This would be a
facility to which researchers would bring their experiments and their subjects,
as opposed to maintaining their own extensive equipment for eye movement research.
In this manner an expensive and cophisticated eye movement measurement instrument

can be employed by a2 large number of groups. The disadvantage, of cnurse, is that




the experimenter must trivel to the instrument, but he would not have to pay for
its exclusive use.

Such a facility might bc comparable to the one at the U.S. Army Human .
Engineering Laboratory (Hall,1973) which could be employed for reading experiments. Some
of the limitations of this particular existing system can be overcome to allow
higher accuracies or greater head v~tion or other desired improvements.

The second approach is to have a unitc that is suitable'for the laboratory.
This implies a somewhat less expensive system, and consequently one that may not
be as powerful. There are probably no units presently existing that would be
ideal for all applications, but a number of jinstitutions and commezrcial firms-

are in the field, and technological advances have been coming rather rapidly.

Unless and until the specifications for a particular requirement
such as reading experiments are very carefully determined and set down, it is
difficult if not impossible to establish a meaningful cost effectiveness of
the various potential instruments and techniques. Clearly, if a particular
device just does not satisfy the requirements desired, then it is virtually
of no value and one will just have to pay for the next higher performing
unit which will. One meets the phenomenon of diminishing returns where,
for example, an expensive computer must be used to improve a parameter like

accuracy ,linearity or range by just a few percent.

5.2 Uimultaneous Psycho-physiological Measurement

In addition to eye movement and position, there are two human eye
functions from which psychological inferences can be drawn and there is a great
deal of literature available in the field. The first is blinking. Almost all
of the eye movement measurement methods will have blinks as an output artifact.

It can clearly be picked out in a photograph, in an EOG record or in all the systems

that track the limbus, the pupil or the corneal reflection. In methods providing
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an electronic output it can clearly be seen as a pulse with a characteristic

blink duration. The second parameter is pupil diameter. There is ccnsiderable
controversy in the scientific community as to whether pupil diameter is an
indicator of positive and negative emotior with dilation indicating the former l
and constriction the latter. But there is general agreement, however, that pupil |
dilation is an indicator of emotional sctivity, whatever the sign. It is therefore
very convenieat to record pupil diameter, especially if it is part of the eye move -
ment measurement output, and to correlate that with what part of the scene the
subject is viewing. Some of the existing commercial eye movement mopitor systems
give pupil diameter as an output. Koff et al (1971) compiled a comprehensive
bibliography on pupillary response.

For otherpsychophysiological- measures, some consideration must be
given to their compatibility with eye movement measurements. For
example, if the required test will encumber the subject and keep him stationary,
there is no value in obtaining an expensive eye movement system that would allow
free subject head motion. If electro-encephalography is being performed and
2lectrodes are attached to the subject's head, then EOG may be a reasonable
measurement method since the electrodes are similar and the procedure is being
made anyway. This, of course, assuming that it €ulfills the other experiment
requirements.

1t is also important to be able to simultaneously record the eye
position measurement output along with the measures being taken in a compatible

format where the time element is either recorded or may be deduced. Some marker

or indication of stimuli presentation should also be recorded. In this way only,
can the various parameters being recorded be correlated to the stimuli. Unless
the effects of the inputs are strikingly apparent, statistics night be needed to
reiate cause and effect where the latencies are not known. This is one reason

why digitkzed outputs amenable to computer handling are desirable.
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APPENDIX A
SCHEMATIC OF THE EYEBALL
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Schematic and Optical Constancs of the Eyeball.
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monitor, showing saccadic jumps, fixation movements, smooth

Typical horizontal eye movements recorded with a photoelectric

pursuit, and optokinetic nystagmus. From "Recording Eye
Position," Biomedical Engineering Systems, Clynes & Milsum ed.
Copyright 1970, McGrew Hill Book Company. Used with permission
of McGraw Hill Book Company. -

A method for reducing cross coupling in conjugate electro-
oculogranhy. (Young 1970 a€ter Jeannerod et al. 1966)

Corneal Reflection Geometry

The A0 Ophtalmograph. (Taylor, 1971) Courtesy of Educational
Development Laboratories, A Division of McGraw Hill Book
Company).

Continuous Moving Film Record of Corneal Reflections. (Taylor,
1971) Courtesy of Lducational Development Laboratories, A Division
of McGraw Hill Book Company.

EYE-MARKER CAMERA tracks and records the eye's glance. The

image of a spot of light, reflected from the cornea, is transmitted
by aa optical system in the periscope through a series of prisms.
This serves to superimpose the eye-marker image on the scene image.
The combined image can be monitored through the vivwfinder as it is
photographed by the motion-picture camera. (Thomas; 1968) Copyright
(1968) by Scientific American, Inc. All rights reserved.

Mobile Corneal Reflex Eye Movement Camera. (Courtesy of Polymetric
Company) .

Head Mounted Corneal Reflex Illumination, Viewing and Combining
Optics. (Courtesy of Instrumentation Marketing Corporation).

Head Mounted Corneal Reflex System with Miniature TV Camera
(Courtesy of Rees Instruments, Ltd.)

Schematic Diagram for Head Mounted TV Corneal Reflex System
(Courtesy of Rees Instruments, Ltd.)
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4.10.

TV Picture of a Bright Pupil. (Merchant and Morrissette, 1974).

Scanning Method for Tracking Limbus. (From “Recording Eye
Position," Biomedical Engineering Systems, Clynes & Milsum ed.
Copyright (1970), McGraw Hill Book Company. Used with
permission of McGraw Hill Book Company.

Various Scan Methods Applied to Tracking the Limbus and Pupil

Differential Reflection Reading Eye Movement Measurement
Device. (Courtesy of Biometrics Liivision, Narco Bio-Systems,Inc.)

Light and Photocell Arrangement for Limbus Tracking. {Stark et al.,
1962).

Spectacle Mounted Differential Reflectivity Device. (Courtesy
of Biometrics Division, Narco Bio-Systems, Inc.)

Limbus Tracking with Bifurcated Fiber Optics. (Findlay, 1974).
Tracking of the Lower Lid. (M:trani, et al., 1972).
Tracking of Limbus Image. (Wheeless, et al., 1966).

Position of Detector Fiber Bundles on Eye Image. (Wheeless,
et al., 1966).

Illumination Pattern for Two-Dimensional Limbus Tracking.
(Jones, 19.3).

Plane Mirror Attached to Scleral Lens. (Boyce and West, 1968).

Haptic contact lens with stalk/mirror unit attached. 0-0' optical
axis; R to suction reservoir; T polyethylene tube 1/16 in.o.d.;

M flat front surface mirror; P grease pad (M may be moved laterally
on P for collimation purposes); S stalk 1/8 in.o.d., drilled bore
1/lb in.i.d., to allow entry of suction tube T; C corneal section
of lens; L transcurves over limbus; H haptic section; D Durofix
seals; U cup.
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Figure 4.22,

Figure 4.23.

Figure 4.24.

Figu!‘e 4 . 25 .

Figure 4.26.

Figure 4.27.

Line Diagram Fixed to the Eyeball by HMeans of the Scleral
Contact Lens. (Forgacs, et al., 1973).

The Modified Photonystagmographic Method of Forgacs. (Forgacs,
et al., 1974).

The modified photonystagmographic method of Forgacs. When
properly set, on the surface of the film cassette facing the

lens (4) of a special camera (3) - provided with 0.1 mm wide
transversal slit (6) - the magnified, sharp picture (5) of the
line diagram fixed to the eyeball (1) by means of the scleral
contact lens (2) is obtained. This picture is crossed by the
transversal slit (6). The thick line of the line drawing is
perpendicular to the slit, while the thin lines intersect it at
an angle of 30°. On the film moving downwards (8) in the cassette
behind the transversal slit at a constant speed of 10 mm/sec.,
curves in a number corresponding to the number of points of
intersection between the lines of the diagram and the transversal
slit are depicted as the eye moves. This set of curves mckes

up the photonystagmogram (7).

Photograph from Wide Angle Mackworth Camera. (Courtesy Polymetric Co.)

Illustration of a System for Recording Eye Behavior in infants.
(Haith, 1969) (Copyright (1969) by the American Psychological
Association. Reprinted by Permission.)

An Illustration of a Procedure for Recording Eye-to-Eye Contact
Between Mother and Child. (Haith, 1969) (Copyright (1969) by the
American Psychological Association. Reprinted by Permission).

Displacement of corneal reflection from center of pupil, K Sin 6,
is proportional to the angular direction, 6, of the eye, and is
independent. of the position of the eye. (Merchant and Morrissette,
1974).
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Figure 4.28. Effects of Eye Translation and Rotation on Corneal
Reflection - Pupil Center {Merchant and Morrissette, 1974)

(a) Eye looking straight ahead - note corneal reflection
is at center of pupil.

(b) Eye looking straight ahead but laterally displaced -
note corneal reflection still st center of pupil.

(c) Eye looking to side - corneal reflection displaced
horizontally from pupil center.

(d) Eye looking up - corneal reflection displaced
vertically from pupil center.

Figure 4.29. Operator Indicators Superimposed on TV Image of Eye as
a Function of Threshold Setting Showing Status of Measurement.
Measurement is Good when Pupil is Properly Delimited.
(Courtesy Whittaker Corporation).

Figure 4.30. Schematic of the Cubic Foot Remote Oculometer. (Merchant
and Morrissette, 1974).

Figure 4.31. EG&C~HEL Oculometer System (Monty, 1975)

Figure 4.32. Simple Field Representation of Cuiiea and Rear Surface of Lens.
(Cornsweet and Crane, 1972).

Location of the first and fourth Purkinje images for (a) collimated
light on the eye axis and (b) collimated light at angle A from
opta~ axis of the eye; EA, eye axis; FI, first Purkinje image;

FH, fourth Purkinje image; L, lens; C, cornea. The dark section

of arc is the equivalent mirror for the fourth Purkinje reflection.

Figure 4.33. Schematic Layout of the Double Purkinje Image Eye Tracker.
(Cornsweet and Crane, 1973).

Schematic of the eye~-tracker optical system: VT, visuul target;

R, allowed range of eye movements; IA, input axis; CA, collecting

axis; CA', extension of collecting axis; S, light source; S), artificial
pupil image at pupil of eye; CW, chopper wheel; Sy, source of Purkinje
pattern, imaged at infinity; DC, dichroic mirror; M, front surface
mirror; My and M,, motors that drive M in x and y direction,
respectively; BS, beam splitter; P} and P,, quadrant photocells,

A4y aperture in front of P4. Focal lengths of lenses L, L3, and

L, are 60, 150, and 90 mm.,
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4.34.

4.35.

4.36.

4.37.

4.38.

4.39.

4.40.

4.41.

4.42.

Apparent Ellipticity of Pupil as Eye Rotates

Scanning of Retinal Vessel. (Cornsweet, 1958).

Drawing of the optic disk, right eye. The small
rectangle is the scanning spot. The dashed lines
indicate the locus of its path of movement.

Fundus Tracking System. (Cornsweet, 1958).

Circular Scan X-Y Tracker

Optical Head Fosition Sensor (Chouet and Young, 1974).
Head Line-of-Sight Sensing System (Ferrin, 1973).

LED Line-of-Sight Head Position Measurement System.
(Haywood, 1973).

Ultrasonic Head Position Measurement System. (Sawamura, 1973).

"Pipestem" Bite Bcard Device for Ycad Position Measurement
Incorporated with an Eye Movement Device. (Courtesy Systems
Technology, Inc.).

Schematic and Optical Constants of the Eyeball. (Roth, 1968,
after White, 1964 and Spector 1956).




