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Annual Technical Report

Summary

This Final Technical Report of the URI/AFOSR-supported Institute for the Study of Human
Capabilities, at Indiana University, describes work done from June 1, 1990 through May 31, 1994.
The Institute currently consists of thirteen affiliated laboratories, in which research is conducted by
eighteen faculty investigators and a considerably larger number of graduate research assistants,
technicians, programmers, and other staff members. One of the primary goals of the Institute have
been to provide enhanced opportunities for interactions among these investigators, whose appointments
are in six departments (Psychology, Speech and Hearing Sciences, Visual Science, Linguistics,
Mathematics, Medical Science) and three schools or colieges of the University (College of Arts and
Sciences, School of Optometry, School of Medicine). A second goal has been to familiarize scientists
who conduct basic research on cognition, sensory processing, and decision making, with current
problems in the field of human factors, or human engineering. The Institute has also served as a
source of technical and scientific advice for researchers in government or industry who were working
in areas represented in its laboratories.

We have continued, during this period, to make significant progress toward the long-term
goals of the Institute. The Institute maintains an inter-laboratory, work-station based computer
network, using the UNIX operating system. This network has been in operation for the past six years
and is now in regular use for the exchange of information and, in several laboratories, for data
analysis, graphics, and modeling. Other ways that the Institute-affiliated faculty interact have been by
attending Institute-sponsored seminars presented by visiting scientists, through other interactions with
these visitors, and through collaborative research. Funds made available through the institute have
been used to maintain, repair, and in some cases upgrade research apparatus in the affiliated
laboratories. The Institute employed, or paid partial salaries of, several part-time technicians,
programmers, and graduate student research assistants who conducted research under the direction of
the faculty investigators. One half-time computer systems administrator maintained the inter-laboratory
computer network.

During the final year of the award we devoted considerable time to an evaluation of the
Institute's activities during its first six years of operation. A great deal has been accomplished, as
described in this report and the annual reports that preceded it. It was recognized in our final
evaluation of the Institutes accomplishments, however, that the central tieme of "human capabilities”
is too broad to accurately represent the range of research conducted by our associated investigators.
There is a need to identify more precisely the specific practical area or areas of science to which our
research is applicable. Partly as a result of consultation with one of our visiting scientists, Dr. Gilbert
Ricard from Grumman Aircraft Corporation, we have elected to limit the Institute's future research
focus to the subject of Human-Computer Interaction (HCI).

This change may eventually be reflected in a new name for the Institute, as well as some shift
in its group of associated investigators. Among the new areas of research emphasis will be computer
visualization, voice-control of computer systems, and human-capability-based limits on HCI.
Obviously, much of our previous research emphasis on cognition and decision-making, sensory
processing, and perceptual automaticity are directly relevant to HCI. Indiana University has three
well-established programs that will have stronger ties with the reorganized Institute, the Department of
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Computer Sciences, the Instructional Systems Technology Program, and the Center for Innovative
Computer Applications. Because of this reorganization, we decided not to hold a fourth conference on
Human Error, but instead to devote the final 18 months of this grant period to formulating plans for
research and training relevant to the new emphasis on human-computer interaction. This effort has
greatly enhanced our progress toward the Institute's original goal of educating the science faculty of a
major research university about an important area of application,of their basic research, and
encouraging them to broaden their research interests to include some rpplied projects.

One of the policies of the Institute has been to appoint Visiting Investigators in Human Factors
to augment our basic-science oriented research staff. Visitors during this grant period have included
Dr. Dan Fisk, a prominent human factors expert from Georgia Tech, Dr. Don Fisher from the
University of Massachusetts, a specialist in mathematical models of human performance, and Dr.
Andrew Dillon from Loughborough University in England, a specialist in human-computer interaction.

During six weeks in the spring semester of 1993 (mid-April through May), Dr. Gilbert Ricard
from Grumman Aircraft served in this capacity. Dr. Ricard devoted most of his time to an assessment
of national needs in the field of human factors, and of the particular range of research strengths at
Indiana University. The decision to redirect the efforts of the Institute toward an HCl-related research,
teaching, and consulting program at Indiana University was in part an outcome of Ricards work. A
brief summary of his review paper is included.

The Institute, by these means, has provided partial support of research leading to the
publication, during the three years, of 296 journal articles and book chapters, and the presentation of
169 papers at meetings of scientific societies.
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Introducticn

This Final Technical Report of AFOSR grant #90-0215, wkich has provided niajor support for
the Institute for the Study of Human Capabilities at Indiana University, describes work in several
areas, all of which are concerned with problems of skilied human performance. The Institute's
investigators are primarily active in the fields of human cognition and decision making, a~d in senscry
processes including vision, audition (including speech perception), and touch; research in those areas
represent the major content of this report.

Sp.<ific projecis continue to focus on human subjects’ abilities to use information obtained
from visual, auditory, anu tactile displays. Both empirical and theoretical studies continue to be
conducted. Studies of human cognition include a new theory of the limits of human auditory signal
detection, the discovery of a common source of variance in auditory and visual speech perception
(lipreading), automatization of perceptual processes, and automatization as a mechanism for
overcoming attentional limitations.

Research Support. The research projects described in this report have been supported either
pariially or completely by the URI/AFOSR grant to the lIustitute for the Study of Human Capabilities.
It is emphasized, however, that the majority of the investigators also receive project support from
other agencies, as listed on - ages 78 through 80 of this report. Institute funding, while a small portion
of the total research support of the 13 affiliated laboratories, is a primary reason for the
interdisciplinary cooperation that has developed among its affiliated scientists, during the past seven
years. Institute funds have been used, roughly in order of araounts expended to:

@) support graduate-student research assistants working on Institute- ‘toposed projects;

®) provide supplementary technical assistance for equipment design, maintenance, and
computer program development;

© maintain and enhance apparatus for research in auditory signal detection;

(d) support short- and long-terin visits to the Institute by scientists interested in application
o1 basic research to human engineering problems; this category includes the support of
three national conferences on Human Error, held on the IU campus in 1990, 1991, and
1692,

(e support a one-half time secretary-administrator, and one-third summer salary for the
Institute Director;

® support travel to scientific meetings for the purpose of reporting Institute-supported
research.

Areas of Reszarch. Current research projects in Institute-affiliated laboratories include studies
in the following categories:

I Auditory Discriminatioi. the psychophysics of auditory capabilities, the limits of
auditory attentional capacity as revealed in the perception of tonal patterns; the abiiity
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to discriminate signals composed of gaussian noise samples.

II. Multi-Modality Testing: comparison of individual differences in speech processing by
ear and by eye.
III. Tactile Discrimination: development of tactile arrays, and studies of interference in

tactile localization.

Iv. Visual Discrimination: human peripheral vision, human visual optics, spatial processing
~f color informaticn, perception of moving objects, and color theory.

V. Cognition and Decision Making: multi-stage decision making, percepticn of
multidimensional complex sounds,differences between visual and memory search,
connectionist models for auditory and speech perception, use of fault trees, and
computer-kased instruction.

VI. Connectionist Models of Sensory and Cognitive Processes: development and testing of
neural networks for identification ard discrimination of tonal sequences.

VII. New reseaich in the Speech Research Laboratory: speech analysis, synthesis and
perception, including word recognition and lexical access.

Form and Contens of the Reports. It is not our intention to provide sufficient information in the
brief projest descriptions included here so that any of this work could be replizated. We believe such
detail is best reserved for the descriptions of the work that will be submitted to appropriate journals,
and specifically discourage any citation of reports which, like these, have not been through the
scrutiny of independent peer review. We do hope, however, that the early knowledge of research that
is ur.derway or that, because of publication lags, will not appear for some time in the open literature,
may be of value to colleagues who are working in ciosely related areas. We encourage readers of
these brief reports to write to individual investigators if further detail is desired on any of the projects.
In some instances draft manuscripts or technical reports are available, and we will do our best to
provide whatever information is requested.

Personnel Changes. Richard Shifirin has served as Associate Director of the Institute during
the last two years (replacing James Craig in that position) and his cooperation has been especially
valuable because he also serves as Director of the indiana University Cognitive Science Program. It
seems clear that the applied field of human factors, if it is to move ahead with the rest of the scientific
community, must adapt to (and benefit from) the "cognitive revolution.”

One of the long-term goals of the Institute was to recruit a person in the field of human factors
research to the Indiana University faculty. During the final year of AFOSR support, we were
successfui in hiring Dr. Andrew Dillon, who had served in 1991 as one of the long-term visitors
supported by this AFOSR award. Dillon was formerly a senior scientist at the Institute for Human
Sciences and Advanced Technology (HUSAT) Centre at Loughborough University, England. His
training and research experience are in psychology, human factors, and human-computer interaction.
Those areas of expertise are ideally suited to the Institute's new focus on research related to human-
computer interaction, as discussed carlier. Diilon was appointed as an associate professor in the IU
School of Library and Information Science, and as Assistant Director of the Institute. During his
initial year at Indiana he has been active in organizing the educational component of the Institutes new
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program in human-computer interaction.

Reprints. The bibliography at the end of this report lists articles by members of our research
groups that kave appeared over the past four yedrs.

The design, conduct, and interpratation of experimeats in these reports typically reflects the
joint intellectual efforts of investigators, research assistants, and many others who participate in the
research projects. While we try to give credit where it is due, the ownership of initial ideas is often
impossible to establish. We are only certain of who does the work involved in the collection and
analyses of data, and who writes the final papers; those persons are formally recognized th ough
authorship, but often a "group as a whole” is as close as one can come to the source of the original
ideas for an experiment or for forms of analysis or, most importantly, for a theory. It is a pleasure, at
any rate, to work with colleagues who seem to have an inexhaustible reserve of new ways to think
about interesting probiems.

Dedication. This Final Technical Report is dedicated o the memory of Professor John
Castellan, whose untimely death in December 21, 1993, represented a major loss to the Institute,
Indiana University, and the national scholarly community. John had -ecently been elected president of
the Federation of Behavioral Science Societies, a well-deserved recognition of his scholarly
accomplishments and his contributions to of each of the many organizations of which he was a valued
member. His whole-hearted support of the Institute was highly valued, his enthusiasm, wisdom, and
good humor are sorely missed.
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I. Auditory Discriminsation

Recognition of synthetic spcech by hearing-impaired elderly
listeners.
Humes, Nelson, Pisoni

The Modified Rhyme Test (MRT), recordad using natural speach and two forms of synthetic
speech, DECualk and Votrax, was used 1o measure both open- set and closed-set speech- recognition
performance. Performance of hearing-impaired elderly listeners was compared 0 two groups of
young normal hearing adults, one listening in quiet and the other listening in a bactground of
spectrally shaped noise designed to simulate the peripheral hearing loss of the elderly. The results
revealed significant effects of both group and talker. Votrax synthetic speech yielded significant
decrements in speech recognition compared to either natural or DECtalk synthetic speech for all three
subject groups. There were no differences in performance between natural speech and DECualk
speech for the elderly hearing-impaired listeners or the young listeners with simulated hearing loss.
The normal-hearing young adults listening in quiet out-performed both of the other groups, but there
were no differences in performance between the young listzners with simulated hearing loss and the
elderly hearing- impaired listeners. When the closed-set identification of synthetic speech was
compared o its open-set recognition, the hearing-impaired elderly gained as much from the reduction
in stimulus/response uncertainty as the two younger groups. Finally, amoag the elderly
hearing-impaired listeners, speech-recognition performance was correlated negatively with hearing
sensitivity, but scores were correlated positively among the different talker conditions. Those listeners
with the greatest hearing loss had the most difficulty understanding speech and those having the most
troubie understanding natural specch also had the greatest difficulty with synthetic speech.

Speech-identification difficulties of the hearing-impaired elderly: The contributions of
auditory-processing deficits.
Humes, Christopherson

The present study examined the performance of four subject groups on several temporally
based measures of auditory processing and several measures of speech identification. The four subject
groups were: (a) young normal-hearing adults; (b) hearing-impaired elderly subjects ranging in age
from 65-75 years; (c) hearing-impaired eiderly adults ranging in age from 76-86 years; and (d) young
normal-hearing listeners with hearing loss simulated with a spectrally shaped masking noise adjusted
to match the actual hearing loss of the two elderly groups. In addition to between-group analyses of
performance on the auditory-processing and speech-identification tasks, correlational and regression
analyses within the two groups of elderly hearing- impaired listeners were performed. The results
revealed that the threshold elevation accompanyiny sensorineural hearing loss was the primary factor
affecting the speech-identification performance of the hearing-impaired elderly on both a group and an
individual basis. However, significant increases in the proportion of speech-identification score
variance accounted for were obtained in the elderly subjects by including various measures of
auditory processing.
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Modeling the effccts of sensorineural hearing loss.
Humes, Jesteadt

We have been investigating a model of the effects of sensorineural hearing loss on auditory
perception. The model makes use of the modified power-law with compressed intemal noise (Humes
ot al. #34; Humes and Jesteadt, #61) to describe the growth of loudness with sound intensity. This
loudness- growth function has just one free parameter; the exponent of the power-law, P. Optimal
values of P have been found to be in the range 0.1 to 0.3 for normal, noise-masked normal, and
hearing-impaired listeners. The result is a compressive input-output function that is not unlike those
described in auditory physiology. The more rapid growth of loudness (recruitment), observed in
listeners with sensorineural hearing loss, is accommodated in the model by simply replacing the
normal quiet threshold with the elevated quiet threshold of the impaired listeners. That is, no change
in exponent, P, is required for the two groups of listeners.

To make the model more comprehensive, the modified power-law function is incorporated into
the excitation-pattern model of Zwicker. The modified powerlaw model simply replaces Zwicker's
equation for the transformation from excitation to specific loudness. Different rules, based on our
work on the additivity of masking, are also used in this model to combine the excitation for
individual components of complex multi-component signals. Essentially, it is demonstrated that the
combined excitation of multi-component signals is more accurately determined if the combination
takes place in the specific-loudness domain and is transformed back into excitation, rather than simply
combining the excitation, as is typically done. This feature of the model results in a more accurate
representation of the peripheral encoding of complex sounds, such as speech, in normal and
sensorineural ears than obtained with previous excitation-pattetn models.

Dimension-specific processing capacity for auditory panierns.
Watson, Kidd

Several recent studies of what we have called the "processing capacity” for complex auditory
patterns have supported the conclusion that, when a novel stimulus is presented in a discrimination
task, the ability to resolve pattem details on a given dimension is affected by the amount ot variation
on that dimension. When the amount of variation on a dimension is very low, pattern discrimination is
determined by absolute puysical values (thresholds). However, when the amount of variation is high,
disctimination is determined by the proportion of the pattern that is changed (Watson and Kidd,
1987,1989). We have proposed that the discriminability of a change in any dimension of a complex
sound is determined by the sound's current amount of variation on that dimension. This
dimension-specific processing capacity hypothesis has been tested in an experiment that measured
threshold values of f/f for changes in a single target tone in nine-tone paiterns. The amount of
variation per dimension was manipulated in the frequency and temporal dimensions. Variation on
these dimensions was manipulated by including different numbers of frequencies and durations in the
patterns. A pattem included three, six, or nine different frequencies and durations. The three levels of
variation per dimension were factorially combined to produce nine pattern-variation conditions.
Results have revealed a considerable decrement in frequency-discrimination performance with
increases in the nvruber of different frequencies, but little or no effect wiih increases in the number of
different durations. Additional experiments in which rhythmic complexity (regular vs. irregular
arrangements of durations) was manipulated, rather than the number of different durations, produced a
similar pattern of results. Thus, at least under these conditions, listeners are only affected by changes
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in the amount of variation in tonal patterns when that variation is on the same dimension as the change
to be discriminated. We are continuing to test other combinations of dimensions and other target
dimensions to determine the conditions under which this type of result will hold. Our previous
research suggests that not all conditions will reveal this same insensitivity to variation on the irrelevant
dimension.

The effect of position uncertainty on frequency discrimination with well-learned patterns.
Kidd, Watson, Drennan

Several earlier experiments have demonstrated large improvements in the discriminability of
changes in a single "target” tone in a multi-tone sequence as pattern uncertainty (defined in terms of
the number of different patterns used in an experiment) is reduced. A new experiment has been
conducted to test the effect of variation in position uncertainty (i.e., uncertainty with respect to the
serial position of a target tone) when the same pattern is presented on every trial. The goal was to
determine the degree to which knowledge of the serial position of the target tone can facilitate
discrimination of target-tone changes in well-learned sequences. Frequency-discrimination thresholds
were determined for each component of a single ten-tone pattern (using multiple adaptive tracks in a
S/2AFC paradigm) after several days of training under position uncertainty. Following this training,
discrimination thresholds for four of the components were tested under minimal uncertainty. The
target position was held constant over trials for several testing sessions. The results showed only a
slight improvement , indicating that position uncertainty is not a major factor in discrimination, once a
pattern is well-learned.

The proportion-of-the-total-duration (PTD) rule holds for duration discrimination.
Gary R. Kidd, Charles S. Watson

In previous work, we demonstrated that frequency resolving power for each individual
component of an unfamiliar sequence of tones increases with the component's proportion of the total
sequence duration (Kidd & Watson, 1992). This work has now been extended to the case of duration
discrimination. In this case, the dimension affected by changes in PTD (i.e., time) is also the primary
dimension of variation within the patterns, as well as the dimension to which listeners must attend to
perform the task. Listeners were asked to detect a change in the duration of a single tone in a
five-tone pattern using a modified two-alternative forced choice procedure. Target-tone durations were
determined by the PTD value (0.1, 0.2, or 0.4) and the total pattern duration (250 msec or 750 msec).
Context-tone durations were determined randomly on each trial. A single frequency pattern, consisting
of a sequence of ascending frequencies, was used throughout the experiment. The pattern of results

btnieaand tially th . H icoriminati i
obtained was cssentially the same as that found in the frequency-discrimination experiments. Increases

in the proportion of the total pattern duration occupied by the target tone consistently resuited in lower
duration-discrimination thresholds.

Use of the psychophysical method of adjustment in tnnal pattern discrimination.
Charles S. Watson, Gary R. Kidd, Aimee Surprenant, Ward R. Drennan

A difficulty in tonal-pattern research is that several thousand trials are typically required to
approach asymptotic discrimination performance under minimal-uncertainty testing conditions. One
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solution to this problem is to use the method of adjustment to determine thresholds, rather than a
forced-choice psychophysical method. In this study the extremely brief times that are required for a
listener to achieve perceptual isolation for single components of a multi-tone patterns using the method
of adjustment instead of a forced-choice method (minutes as opposed to hours) are demonstrated. A
quantitative criterion for "perceptual isolation™ is reached when a frequency match is made that is as
close to the standard as can be achieved when the standard and variable tones are both presented in
isolation, rather than in pattern contexts. Not all adjustments are this accurate, however. The most
useful distinction between difficult and easy adjustments is shown 0 be the percent of all the
adjustments, for a given combination of target and context tones, that meet this perceptual-isolation
criterion.

Properties of the structure of multi-tone sequential patterns that determine the difficulty of perceptually
isolating single target components.
Charles S. Watson, Gary R. Kidd, Aimee Surprenant, Ward R. Drennan

A method of adjustment was used to establish the importance of each of several structural
properties of the context tones, in nine-tone sequences, in determining the perceptual isolability of
target components. Successful "perceptual isolation” of a target tone was assumed to be achieved when
frequency matches were as accurate as those achieved for tones presented in isolation, generally
meaning values of Af/f less than 1%--2% for the 50-ms tones in these sequences. The context property
that was found to primarily affect the frequency matches was the separation, in Hz, between the target
tone and both the local and (to a lesser degree) the remote context tones. Other than its bandwidth, the
form of the local pitch contour (the target tone plus the single tones immediately before and after it)
had no clear effect on the ability to "hear out” the target tone, i.e., whether the local context was
ascending, descending, concave up, or concave down. The contours of the remote context tones (first
and last three in the patterns) likewise had no effect on performance. Performance ranged from 25%
target tones isolated for the most difficult conditions to 90% for the easiest.

Additivity of Auditory Masking
Humes, Cokely, Lee, Jesteadt & Halling

We coutinue to explore the additivity of masking in normal-hearing listeners. Issues
investigated include the infiuence of spectral and/or temporal overlap of the maskers with each other
or with the signal. Results to date indicate that the linear power-summation of masking is the
exception rather than the rule and is restricted to the special case of temporal AND spectral overlap of
both maskers.

Identification of Multidimensional Auditory Stimuli
Humes, Christopherson, Nosofsky

Experiments are being conducted on normal-hearing listeners' ability to identify artificial
acoustic stimuli having stimulus characteristics that vary along three independent dimensions. In one
experiment, stimuli had one of two values of temporal onset (abrupt/gradual), harmonicity of
components (harmonic/inharmonic), and spectral envelope (smooth/peaked). Stimulus values along
each dimension were simultaneously presented (parallel) in 100-ms tokens. Subjects identification
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performance was consistent with their identification or the basis of one preferred stimulus dimension,
with different subjects preferring different dimensions. With training, subjects could learn to focus
their attention on previously nonpreferred dimensions. Extension of these initial results to stimuli with
three new dimensions (spectral location of noise, duration of temporal gap, extent of frequency
transition) presented sequentially (series) is being examined. Eventually, this work will be extended to
hearing-impaired elderly listeners to examine their ability to learn to use new cues to identify complex
multidimensional stimuli.

The effects of training method on frequency discrimination for individual components of comnlex tonal
patterns.
Robert F. Port, Catherine L. Rogers, Charles S. Watson, Gary R. Kidd

It has been assumed that subjects trained to detect increments in the frequency of all
components of complex tonal patterns (broad focus) would be less accurate in detecting changes in a
single target tone than subjects who have been trained to detect changes in only that component [e.g.,
Watson et al., J. Acoust. Soc. Am. 60, 1176--1186 (1976)]. In several experiments, using a number of
750-ms ten-tone patterns, subjects were trained using one of three methods: in the first two, a S/2AFC
procedure was used to train subjects to detect frequency increments in a specific target tone (group
one) or to detect frequency increments that could occur in any of the ten components (group two), and
in the third, subjects were trained only to identify the individual patterns. Subjects trained using these
methods were tested on their ability to detect changes in various components of the patterns, including
the target tone for the first group. In ali of these experiments, only very slight differences in
performance were found among the different groups. These results suggest that lengthy experience
with a given pattern allows a listener to discriminate small differences in frequency in any of the
individual components of that pattern, relatively independent of the nature of that experience.

Selective attention to spectral-tempaoral regions of auditory patterns.
Charles S. Watson, Xiaofeng Li, Gary R. Kidd, Yijian Zheng.

Training to attend selectively to certain spectral-temporal components of four tonal patierns
has been found to have only slight effects on discrimination performance [Port et al., J. Acoust. Soc.
Am. 93, 2315(A) (1993)]. In a new version of this experiment, a novel pattern (ten 50-ms tones,
300 3 kHz in frequency) was presented on each trial. One group of listeners was trained to
discriminate changes in the early low-frequency region of the patterns, a second group in the late
high-frequency regions, and a control group was trained with changes occurring throughout the
patterns. Training was conducted for ten sessions, followed by testing at all spectral-temporal
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experiment. Under the high stimulus-uncertainty conditions, attentional training yields the predicted
results: Discrimination is relatively improved for trained, compared to untrained regions. An
unexpected result was that the control group's performance was significantly more accurate than that
of earlier selective-attention group. It is possible that efforts to selectively attend to some
spectral-temporal region of an unfamiliar pattern may reduce overall discrimination performance,
compared to that achieved when listening for any change in the pattern.
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Temporally direcic astention in the detection and discrimination of auditory pattern components.
Gary R. Kidd

Thresholds for detection and frequency discrimination were determined for tones that occurred
at unexpected temporal locations within twelve-tone sequences. Expectancies were estabiished by
repeated presentations of a standard pattern on each trial. Temporal deviations were introduced in
comparison patterns by advancing or delaying the onset of a single "target” tone while maintaining
the rhythmic structure of the surrounding context. Rhythmic patterns consisting of 350-ms and
150-ms intertone intervals were used to allow for a large range of temporal displacements.
Thresholds were determined for target tones that were advanced ("early” targets) or delayed ("late”
targets) by various degrees. Thresholds for displaced targets were elevated with respect to
nondisplaced targets for both detection and discrimination. However, for most listeners, there was
little or no effect of temporal displacement on detection except when targets were advanced by 200
ms Or ILOre.

The effect of temporal deviations was found to be considerably more robust for frequency
discrimination than for detection. Testing in a variety of temporal contexts (including different
numbers of tones, tempos, and rhythms) reveled a consistent effect of temporal displacement on
frequency discrimination, even in rhythmic contexts in which little or no effect on detection was
observed. The vesults are consistent with the view that, when presented with an auditory pattern, a
listener's attention is dynamically allocated in time in response to the temporal structure of the pattern.

Publications

Kidd, G.R. (in press) Proportional duration and proportional variance as factors in auditory pattern
discrimination. Journal of the Acoustical Society of America.

Kidd, G. R. (1994). The influence of temporal deviat.ons on the perception of auditory pattern
components. J. Acoust. Soc. Am., 95, Pt. 2, 2966.

Watson, C. S., Li, X., Kidd, G. R., & Zheng, Y. (1994). Selective attention to spectral-temporal
regions of auditory patterns. J. Acoust. Soc. Am., 95, Pt. 2, 2963.

Kidd, G. R. (1993). Temporally directed attention in the detection and discrimination of auditory
pattern components. J. Acoust. Soc. Am., 93, Pt. 2, 2315.

Watson, C. S., Kidd, G. R., Surprenant, A., & Drennan, W. R. (1993). Use of the psychophysical
method of adjustment in tonal pattern discrimination. J. Acoust. Soc. Am., 93, Pt. 2, 2315.

Watson, C. S., Kidd, G. R., Surprenant, A., & Drennan, W. R. (1993).  Properties of the structure
of multi-tone sequential patterns that determine the difficulty of perceptually isolating single
target components. J. Acoust. Soc. Am., 93, Pt. 2, 2315.

Port, R. F., Rogers, C. L., Watson, C. S., & Kidd, G. R. (1993). The effects of training method

on frequency discrimination for individual components of complex tonal patterns. J. Acoust.
Soc. Am., 93, Pt. 2, 2315,

15



Psychophysics of vowels

Effects of levels of stimulus uncertainty on discrimination of vowels
Kewley-Port

A series of experiments has examined the discrimination of vowel formants in a variety of
phonetic contexts. In the first experiment, threshoids for F1 and F2 formant-frequency discrimination
were obtained for ten synthetic, steady-state English vowels (Kewley-Port, 1990a; Kewley-Port and
Watson, 1993). Thresholds were estimated, under minimal stimulus uncertainty, for both increments
and decrements in either F1 and F2 formant frequencies. Reliable measurements of thresholds were
obtained for most formants tested except when a harmonic of the fundamental fell at the center
frequency of the formant. Excluding those cases, thresholds of AF as a function of formant frequency
are best described as a piecewise-linear function which is constant at 14 Hz in the F1 frequency region
(<800 Hz), and increases iinearly in the F2 region as shown in Fig. 1. In the F2 region, the
resolution as AF/F is about 1.5%. The thresholds are similar to the most accurate formant
discrimination previously reported in the F1 region, but about a factor of three lower in the F2 region.

Another series of minimal-uncertainty experiments obtained thresholds for one vowel, /1/, in a
variety of consonantal contexts, /b, d, g, z, m, I/ (Kewley-Port & Watson, 1991). For F1 and F2, the
resulting thresholds were a factor of 4-5 smaller than those reported in Mermelstein (1978) (who
tested under medium levels of stimulus uncertainty). Relative to the isolated vowels, the thresholds for
F1 did not generally change in consonantal context (although AF for /mIm/ and /lIl/ were larger by
about 25%). Thresholds for F2 showed no significant change for /I/ in /blb/, /dld/, and /zlz/, but for
a few f\subjects, a two-to-three-fold increase in AF threshold was obtained for /glg/, /mIm/, and /lll/.
Additional experiments have estimated formant-frequency discrimination thresholds under medium
levels of stimulus uncertainty (Kewley-Port, 1992). While longer training was required to approach
asymptote, final thresholds were generally similar to those obtained for isolated vowels. / Jparently,
auditory acuity for formant frequency discrimination in well-trained subjects is generally the same for
vowels in isolation and in CVC contexts, under both minimal and medium levels of stimulus
uncertainty. Although the result that listeners perform similarly across those experimental conditions is
not unexpected, given the life-long experience of the listener with the perception of "natural” vowels,
the discrimination capabilities of the auditory system for vowels much better than expected.

Effect of glottal source on formant frequency discrimination.
Kewley-Port

Differences in the glottal source during speech production can allow a listener to distinguish a
variety of characteristics of the talker, including differences in gender and speaking style. Vowel
identification, discrimination and naturalness may be affected by variation in glottal source, vocal tract
resonances, and the resulting interaction between the two. Little is known about the size of the effects
for a given choice of glottal or formant synthesis parameters, or how to optimize the parameters of
one in the face of variability in the other.

We have conducted three studies to determine the extent of interaction of source and vocal-tract
resonance in an effort to provide a more systematic investigation of these problems. The first is a
pilot study reported in Kewley-Port and Watson (1994) who examined the effect of different
fundamental frequencies (FO) on the thresholds of F. A larger study (Kewiey-Port, D., Li, X.,
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Zheng, Y. and Beardsiey, 1994) has been completed using six American English voweisbased on
speech produced by a male phonetician. Thresholds for formant discrimination were measured for
two formants and two fundamental frequencies (101 and 126 Hz). The overall pattern of
discrimination results reported in Kewley-Port and Watson (1994) for female vowels was replicated
with male vowels but with a modest improvement in discrimination performance for male vowels.
These results suggest that there exists an interaction between fundamental frequency and formant
resonance that can cause large changes in discrimination thresholds for some stimulus conditions.

Excitation-Pattern Modeling.
Kewley-Port

Excitation-pattern models were successfully employed to describe the 20-dB range of thresholds
obtained in a vowel-detection task (Kewley-Port, 1991). Modeling the threshoids for formant
frequency discrimination requires a different approach than that taken for detection thresholds. A
small change in one formant frequency of a steady-state vowel can produce level changes in harmonic
components throughout the vowel. Thus it is necessary to determine whether level changes in
components spectrally remote from the altered formant affect discrimination performance. Sommers
and Kewley-Port (1993) have completed a series of experiments to investigate which harmonics affect
discrimination performance. Synthetic tokens of the vowels /U/ and /e/ were generated by digitally
summing the first 24 harmonics of a 200-Hz fundamental. Thresholds were obtained when: (1) all
harmonics varied; (2) harmonic level variations were restricted to a subset of components spectrally
close to the altered formant; and (3) harmonics remote from the shifted formant were excluded from
the stimulus. Results indicated that thresholds for conditions (1) and (2) did not differ until level
variations were restricted to two components. Thresholds for condition (3) were not significantly
different from those obtained for vowels with a full complement of harmonics.

One goal of the Sommers and Kewley-Port (1993) experiments was to provide sufficient data to
determine how to model spectral difference with excitation patterns. Preliminary analyses indicated
that discrimination can be modeled by calculating a Euclidean spectral distance metric between the
excitation pattern for the standard stimulus and the stimulus that was just discriminable from that
standard. Analysis of the Sommers and Kewley-Port (1993) threshold results indicated that a fixed
minimum of spectral distance was required before a change in formant frequency could be
discriminated. This analysis will now be extended to account for the detailed differences in thresholds
observed for female (Kewley-Port & Watson, 1994) and male (Kewley-Port et al., 1994) vowels.
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Discriminability of noise samples
Robinson, Rickert

Consider a two-interval same-different task in which listeners are asked to discriminate between
trials on which a sample of noise is presented twice and trials on which two different samples are
presented. Previous research has used this method to determine the effects of a wide range of stimulus
conditions including temporal location of an uncorrelated segment, duration, bandwidth, correlation,
and overall level | T. E. Hanna, Percepi. Psychophys, 36, 409-416 (1984); Fallon, S. M. and
Robinson, D. E. J. Acoust. Soc. Am., 78, 546, 1985; Fallon, S. M. and Robinson, D. E. J. Acoust.
Soc. Am., 81, S33, 1987; S. F. Fallon and D. E. Robinson, J. Acoust. Soc. Am., 92, 2630-2635
(1992)]. The data indicate that discriminability is best when changes occur at the end of the sample
and that the ratio of the duration of the target segment to the total duration is independent of overall
duration.

During the last year, we have concentrated on developing a mathematical model of the
discriminability of complex auditory patterns. The model, which we reported at the Spring 1993
meeting of The Acoustical Society of America, is based on Jeffress' leaky integrator [L. A. Jeffress,
J. Acoust. Soc. Am., 44, 187-203 (1968)]. In our model, the envelopes of the waveforms from the
two intervals of the same-different task are extracted by a leaky integrator. Next, the envelopes are
jittered in amplitude. Finally, the envelope from the second interval is subtracted from the envelope of
the first interval. The RMS of the differenced envelopes becomes the predictor variable. The leaky
integrator imposes a temporal weighting function,1 - Exp[-B t], such that the envelope of the noise
waveform increases slowly after the onset of the integration process. The time constant of the
integrator, B, and the variance of the amplitude jitter are the two free parameters of the model.

The model provides an excellent fi¢ to the data reported by Fallon and Robinson. It provides
quantitative predictions of the improvement in performance as the target (uncorrelated) noise segment

is moved from the beginning to the end of the burst and predicts the constant ratio of the duration of

the target segment to the total duration,
Presentation
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Noise Samples, Revisited (Again). AFOSR Conference,Wright-Patterson AFB, Dayton, OH
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Multi-stage decision making
Sorkin, Robinson

This work began several years ago in collaboration with Professor Robert D. Sorkin. That
research led to the development of two models of combined person-person or person-machine
detection systems. The first model describes a system referred to as an alerted monitoring (AM)
system. An AM system is one in which a first detector aleits a second one to the possibility of a
signal on a channel which is also monitored by the second detector. The second detector then makes
an observation of the channel and, with knowledge of the decision made by the first stage detector,
makes the final decision. Examples of AM systems are found in many applied situations, e. g. medical
diagnosis, nuclear power plant control rooms, flight decks of commercial and military aircraft, etc.
The AM model was developed using techniques from the Theory of Signal Detectability (TSD). The
model suggests that AM systems can result in improved performance compared to a single-stage
system. [Sorkin, R. D. and Woods, D. D. Systems with Human Monitors: A Signal Deiection
Analysis. Human Computer Interaction, 1984, 1, 49-75. Sorkin, R. D. and Robinson, D. E.
“Alerted-Monitors: Human Operators Aided by Automated Detectors”, DOT/OST/P-34/85/021, U.S.
Dept. of Transportation, 1985.

The second model of two-stage decision making, an outgrowth of the first, involves a slightly
different situation. In the AM system, the second stage (typically a human operator) only monitors a
channel when alerted to by the first stage. Another situation is one in which the task of the human is
to monitor a noisy channel on which information about a potentially dangerous condition may appear.
An alarm system also monitors an independently noisy channel for information about the samc
threatening condition. Using basic concepts of statistical decision theory, the Contingent Criterion
Model of such a person-machine system has been developed. According to the model, the human
should establish two criteria for responding: one contingent on an alarm from the automated detector
and one, on no-alarm. The model shows large gains in performance compared to either detector alone.
{Robinson, D. E. and Sorkin, R. D. A Contingent Criterion Model of Computer Assisted Detection,
In Trends in Ergonomics / Human Factors, vol. 11, R. Eberts and C. G. Eberts (Eds.),
North-Holland: Amsterdam, 75-82, 1985.]

In addition to continuing our work on decision theory-based models of combined
person-machine detection systems, we have extended our research in this area to include recognition
systems consisting of an autoclassifier and a human monitor. In these systems, a human operator
monitors a noisy channel and attempts to detect and classify signals. The operator is aided by an
automated device which also attempts to detect and classify the same signals on an uncorrelated noisy
channel. Both the automated device and the operator are modeled as multi-channel
detection-recognition devices. For each stage (autoclassifier and operator), it is assumed that if the
observation in any one of m channels exceeds criterion, a response of "yes" is made. Then, the
channel having the largest output is selected as the one containing the target. By combining the
Contingent Criterion model described above with a model of simultaneous recognition and detection
(Starr, S. J.,Metz, C. E., Lusted, L. B., and Goodenough, D. J., Radiology, 116, 533-538, 1975),
we have developed the Contingent Criterion Recognition (CCR) model. The model indicates that large
gains in target identification may be achieved relative to either stage operating alone.
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Robustness of psychophysical measures
Rickert, Robinson

Also in the last year we have completed the mathematical analysis of several well-known
measures of psychophysical performance. In this work we were interested in the degree to which such
measures as d', P(C), P(C)max, and A’ are "robust” with respect to violations in their underlying
assumptions. The basic approach was to investigate how each of these measures varies with changes in
criterion placement for various pairs of assumed underlying density functions. The pairs of density
functions investigated were normal-normal, exponential-exponential, Chi Square-Noncentral Chi
Square, and Rayleigh-Rice.

Our findings indicate that measures which rely on the assumption of equal-variance, normal
densities, such as d' and P(C)max, are quite robust, particularly if extreme values of the criterion are
avoided, e.g. changes in the criterion have small effects except for very low or very high false alarm
rates. The so-called non-parametric measure, A', is not robust, and, in fact, shows large changes in
magnitude as the criterion is varied on any of the density pairs we investigated.
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1. Muiti-Modality Testing

Multi-sensory temporal resolution.
Bell, Watson

Three experiments compared within-modality with cross-modality temporal resolution. Previous
experiments have shown departures from Weber's Law, particularly whea cross-modal judgments are
required, implicating differential contributions from peripheral and central processes.

These studies systematically vary stimulus duration at a constant criterion (d' of unity). The
literature (especially Sinex, 1979) indicates that temporal resolution within modality is better than
resolution involving multiple sensory modes. Smaller changes in duration are discriminable at fixed
performance levels when in & single modality than when multiple modalities are employed. Further, as
the duration approaches zero, auditory and tactile within-modality or auditory-tactile cross modality is
better than either auditory-visual or visual-tactile comparisons. Only certain conditions lead to
departures from Weber's Law, however, that AT/T is consiant. These results imply possible
categorical processes involving cross-modal resolution and show differences in the point of subjective
simultaneity. The present experiment used an adaptive strategy converging on a d' of unity to select
stimulus durations. This procedure deterinines the just noticeable difference in temporal duration at a
constant criterion level.

It was necessary first to establish a criterion-free method to study cross-modal temporal
resolution. An algorithm was developed that directly computed d' and related measures (b, maximum
expected percentage, and actual percentage), and adaptively chrngcd test parameters to converge on a
specify value, unity in the present experiment. d' was calculated every S0 trials under minimal-
uncertainty conditions. On each trial, the subject compared a fixed time interval (Ts) to a comparison
interval (T¢) and responded "same" or "{ifferent”. The comparison interval was equally likely to be
identical to the standard interval or incremented by a constant value, that was adaptively changed to
converge on d' of unity. After five reversals in direction, the adaptive algorithm was halted and new
parameters for the initia] AT and step size were assigned. The values of Ts were in the range of 60
240 msec, and the initial AT in step size were varied depending on the Ts. Subjects were well-trained
on judgments of this type and had previously completed approximately 30 - 60 hours of testing.

The algorithm adapts quickly to the just resolvable difference Sor d' of unity. After 400-600
trials, performance was stable in a narrow range of AT, Linear regression lines predicting the AT
from trial blocks were flat, indicating asymptotic performance. The values for AT for each Ts at d' of
wnity agree with values interpolated from pilot experiments comparing fixed intervals.

Experiment 1: Auditory, tactile and visual temporal resolution: Within- and cross-modaliiy
judgements.

Subjects were seven young adult participants recruited from Indiana University. All subjects
had normal hearing thresholds and reported no deficits in vision. Subjects participated approximately
120 hours and were paid for their participation. Standard intervals were 40, 60,120, or 240 msec in
duration. The comparison interval was equally likely to be the same or to increase by a fixed AT,
The intervals were marked by either visual, tactile, or auditory signals. The vibrotactile stimulator
deiivers to the fingertip an array of vibrators capable of producing spatial patterns; typically, this
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device is used to present alphanumeric characters. The tactile stimulus employed in this experiment,
however, was an asterisk presented in the center of the array. Visual stimuli were presented on a
rapid decay phosphorous screen, and consisted of a small asterisk presented to the center of the
screen. The auditory stimulus was a 1,000 Hz-tone of 20-msec duration with 5-msec rise and fall
times. The auditory tone pips were presented at 83dB,SPL.

All stimulus presentation and data collection were controlled by a PDP iaboratory computer
system, model 11/83 with a real-time 18MHz clock. This processor controlied a Krohn-Height 5500
Ar oscillator as well as a digitally controlled attenuator. An external noise generator was also used,
and all three were routed into a signal conditioning package including a mixer, filter, another
attenuator, and a tone shaper for ramping auditory stimuli. The 1lc83 processor also controlled high
speed phosplior display (model HP 1340 A display and a telesensory systems opticon model RIC).
Auditory stimuli were presented monaurally by earphone (model TDH9 earphones encased in MX-41
cushions). A stimulus response box was also connected directly to the processor.

Within-modality thresholds were generally smaller than cross- modality thresholds over the
range of Ts used in this experiment. These results are consistent with previous literature. The ratio of
AT:T is shown as the average across subjects in the conditions for all modaiity combinations. The
60-msec duration produced the highest ratios ranging from .1.6 and the Mtio, rather than remaining
constant, decreased with increases in the time interval systematically for all conditions. According to
Weber's Law, these results should be relatively flat; these data are monotonically descending. Also,
the within modality judgments, auditory-auditory, tactile-tactile, and visual-visual are the flattest of
the functions, which would be expected. So although all results deviate from Weber's Law, the
within-modality judgments are relatively closer in agreement than are the between-modality judgments.

Experiment 2: Auditory-visuzl temporal discrimination with increased memory demands.

To estimate contributions stemming from memory processes or central processes, a second
experiment examined the effect of increasing the interstimulus comparison time from the 600 msec
used in the previous experiment to two seconds. Thus, after the warning light, the standard interval
was given, then a 2-sec delay before the comparison interval was presented. Only auditory and visual
modalities were employed for this experiment, and the same adaptive procedure converging on d' of
unity was used to estimate the AT associated with that value.

Three subjects who previously participated in experiment one continued for this experiment,
thus, they were very practiced at the task. The AT at d' of one were lowest tor the within-modality
conditions. The auditory-auditory and visuai-visual thresholds were lower than the auditory-visual and
visual-auditory thresholds. The auditory within-modality thresholds were the lowest of all, averaging
approximately 10 msec. The visual thresholds were somewhat higher, at 123 misec on the average.

Experiment 3: Auditory-visual temporal resolution at short ISI intervals.

A third experiment was performed to examine the effect of a very small interstimulus interval.
The thought was that the first marker for the comparison tone would interfere with the final marker
of the standard tone. Thus, the 60 msec interstimulus interval was employed. The hypothesis was that
the auditory conditions would particularly interfere with other auditory stimuli and auditory and visual
would not interfere with each other since th : 60 msec delay is within the backward recognition
masking for sensory stimuli.
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Subjects had previously completed Experiment 2, thus were well practiced. The results
indicated that the within-modality thresholds for the auditory sense were higher than the others, but
that the visual sense were not. These results are probably due to the ability to perceive the four
markers as a single percept, a rhythmic pattern, as opposed to discrete markers.

Conclusion:

Cross-modality thresholds are not in accordance with Weber's law (that AT/T remains
constant). Within-modality trials were relatively in agreement with psychophysical predictions and
were more finely discriminable implicating automaticity and more peripheral processes. Results are
robust with respect to the interstimulus interval between Ts and Tc up to 2 seconds or longer. The
longer delay did not interfere with the within-modality conditions; this result implies that a central
representation must be used even for within-modality comparisons since performance is unaffected by
delay. Experiment three further shows that an ISI of 60 msec showed no auditory backward masking
effects, thus further implicating a central representation for within-modality judgements as well.
Departures from Weber's law may not be due to peripheral versus central markers, but rather to
attentional demands and STM processing.

A manuscript describing these results is in preparation.

Semantic-phonetic interference in word recognition: A "Lexical Stroop Effect.”
Bell, Hennessey, Byers

Two experiments were conducted to examine the phonetic and semantic processing of words,
in particular, semantic-related interference on phonetic or lexical processing. A same/different
paradigm was used to measure response times (RT) as a function of phonetic or semantic properties.
The stimulus set varied with respect to the phonetic and semantic relationships between pairs of
stimulus words, and phonetic and semantic judgements are required of subjects. These conditions
allow for comparisons between phonetic, lexical, and semantic influences in word identification
processes, and further describe the influence of automatic and controlled processes.

Experiment 1:

Forty homophonic word pairs and their corresponding synonyms formed the stimulus set. Two
words were presented simultaneously and the subject was to respond "same” or "different” by pressing
a key. There were four conditions varying by the arrangement of homophones and synonyms. One of
the conditions (ID) u: ed the same word twice, this condition serves as a baseline. There were three
other conditions or Pair types: the two words were either homophones, synonyms, or synonyms of the
homophone.

Experiment 2
A seccnd experiment was designed with a list of unrelated words substituted for the synonym

of homophone pairs used in Experiment 1. It was hypothesized that the new unrelated pairs would
eliminate interference.
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Conclusion:

These experiments have demonstrated a "Lexical" strocp interference effect. The automatic
semantic processing of a word that means the same as a homophone of the other target word produces
interference or response competitions that require additional time to resolve. The "sound-alike” word
was automatically activated due to the spreading of the semantic activation. Distinct meanings lead to
an ambiguous phonetic encoding, biasing a "same" response when a "different” response would be
required. When the semantic component is removed from the distractor condition, the effect vanishes
completely. These data imply the direct use of phonetic codes rather than lexical codes in making
semantic relatedness judgements. If the representation were lexical or orthographic, there would be no
confusion regarding the distinct meaning of words. Therefore, there appears to be a direct downward
connection from semantic to phonetic encodings that bypass lexical stages. Further, these data suggest
a Parallel Distributed Processing account of this Stroop-like interference effect, specifically requiring
continuous automatic processes under attentional control.

Correlations between auditory and visual speech processing ability: evidence for an modality-
independent source of variance.
Watson, Qiu, Chamberlain, Li

Two experiments were run to determine whether the individual differences in auditory speech
processing are predictable from those in speechreading, using a total of 90 normal-hearing subjects.
Tests included single words and sentences, The speech was recorded on a video disk by a male actor
(Bernstein and Eberhardt, 1986), Johns Hopkins Lipreading Corpus. The auditory speech was
presented with a white noise masker, at -7 dB Sp/N. The correlations between overall auditory and
visual performance were 0.52 and 0.45, in the iwo studies, suggesting the existence of a modality-
independent ability to perceive linguistic "wholes” on the basis of linguistic fragments. Subjects also
identified printed sentences with 40-60% of the portions of the letters deleted. Performance on the
"visual-fragments” test also correlated significantly with visual and auditory speech processing. The
importance of these findings is that they represent one of the few cases in which some of the variance
in auditory speech recognition (among subjects) can be associated with other systematic variables.
More obvious candidates, including spectral and temporal auditory acuity measures, and general
intelligence, have been notably poor predictors of individual differences in speech perception
measures.

A manuscript describing this research is under review, Journal of the Acoustical Society of America. .
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II1. Tactile Discrimination

Tactile atiention.
Evans, Craig, Rinker

Previous studies in the laboratory showed that subjects had difficulty attending to a particular
location on the skin and ignoring stimuli presented to adjacent locations. Specifically, subjects were
required to identify a stimulus, typically a pattern moving across a fingerpad in a particular direction,
and to ignore a moving pattern presented to an adjacent fingerpad. Using a paradigm similar to that
used in visual studies of attention (four stimuli signalling two responses), it was determined that the
interfering effect of nontarget stimuli primarily results from the nontarget signalling a different
response, rather than interference (masking) at some relatively early stage of processing.

Using this four stimuli, twc response paradigm, we investigated the effect of distance on the
amount of interference. With visual stimuli, it has been shown that within a small area around a
target stimulus increasing the spatial separation between the target and nontargets has no effect on
interference. Beyond about 1 degree of visual angle, though, increasing distance results in a decrease
in interference. These results have led to a "spotlight” of attention for visual stimuli. To test the
appropriateness of this model for the skin, we presented nontarget stimuli to fingerpads that were
adjacent to (near) the target site or the fingerpads that were nonadjacent (far). The results showed an
equally large response-competition effect independent of the distance between target and nontarget.
The results indicated that the focus of attention extends nearly undiminished across the fingers of one
hand.

With the same paradigm, we moved the nontarget stimuli to the opposite hand. Unlike the
results obtained with a simpler paradigm, we found an interference effect even when the target and
nontarget stimuli were presented to opposite hands; however, the effect was diminished relative to that
seen with stimuli presented to the same hand. Also, the size of the bilateral interference effect
remained the same whether the two hands were placed next to one another or 25 cm apart.

In an additional study, we investigated the effect of spatial orientation on this interference
effect. Interference is only seen when the target and nontarget are moving in different directions.
When the two stimuli are moving in the same direction, whether the subject responds with the target
or with the nontarget, they will be correct. In all the previous studies the two tactile displays were
placed horizontally side by side in front of the subject. In the new studies, the displays were rotated
90 degrees and placed back to back. The subject gripped the two displays between the index finger
and thumb. This rotation of the two dispiays changes the rejative motion across iie dispiays. Suppose
a pattern is presented to the left hand and moved from right to left on the thumb and a second pattern
is moved from right to left on the index finger when the two displays are horizontal. When the
displays are placed vertically, the direction would change such that the movement would be "up” on
the thumb and "down" on the index finger. The question we asked was whether subjects would
respond as though they perceived the "local” pattern of motion across the fingerpad or the "external”
pattern of motion. Consistently subjects responded in the latter fashion as though they perceived a
single object moving between the index finger and thumb.
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In another study examined the temporal course of the interference effect. The interference
effect has been observed with brief temporal separations between the target and nontarget.
Specifically, when the nontarget preceded the target by 50 to 100 msec. Similar findings with visual
stimuli have been interpreted to mean that the nontarget "primes” a conflicting response. Recently we
have investigated in greater detail the temporal course of the effect and have found that with tactile
stimuli there is greater interference whea the nontarget follows the target by a brief interval. These
measurements have been extended to include sites on the forearm as well. The findings suggest that
interruption may play a bigger role in the processing of tactile stimuli than in the processing of visual
stimuli.

Many similarities were noted between the results obtained when two stimuli were presented to
separate sites (a selective attention paradigm) and when two stimuli were presented to the same
location (temporal masking paradigm). Using the four stimuli, two response paradigm, we have
examined interference when two stimulii are presented to separate locations and when the stimuli are
presented to the same location. The pattern of results is similar and has led us to conclude that a
major component of the interference seen when two patterns are presented to the same location is due
to response competition rather than masking.

Manuscript

Rinker, M.A., and Craig, J.C. (1994) The effect of spatial orientation on the perception of moving
tactile stimuli. Perception & Psychophysics, 56, 356-362.

Tactile speech.
Weisenberger, Craig, Abbott

This study evaluated a tactile speech aid. Using a principal component analysis, speech
information was presented on a two-dimensional array of vibrators brought in contact with the
subject's skin. Reasonably good levels of performance on several speech tasks, including lipreading,
indicated that principal component design is a promising alternative to tactile vocoders.
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IV. Visual Discrimination

A. Human Vision

Spatial Vision
Ye, Bradley, Zhang, Thibos

According to standard geometrical optics, monocular visual direction for a defocused image is
determined by the chief ray which locates the center of the resulting blur circle. Recent studies of
chromostereopsis have indicated that photoreceptor optics, i.e., the Stiles-Crawford effect (SCE), also
affects apparent visual direction of defocused images. Because photoreceptor directional sensitivity
peaks near the normal pupil center, marginal rays are less effective stimuli. If the pupil is displaced
with respect to the SCE peak, the effective image may be shifted with respect to the chief ray by the
SCE. Using wave optical analysis of a simple water eye model with an apodized pupil to account for
the SCE, we calculated thai visual direction of defocused images is significantly shified when the
model views through a displaced aperture. We have experimentally measured the effect of the SCE on
apparent visual directions by comparing perceived visual directions of defocused images when subjects
view through a displaced aperture under photopic and scotopic conditions. As our model predicted, the
visual direction under scotopic conditions (no SCE) was determined by the chief ray, but visual
direction at photopic levels was significantly different by an amount predicted by the midpoint of
zero-~crossings in the defocused retinal image in the apodized model eye.

Psychophysical determination of tie factors limiting human peripheral vision.
Thibos, Bradley, Wang, Anderson

Gratings beyond the Nyquist limit of the peripheral retina are visible as aliased percepts when
presented in isolation. However, recent experiments using complex stimuli (edges, lines, leiters)
suggest that aliased supra-Nyquist components (f2) may not be visible in the presence of sub-Nyquist
gratings (fi). The purpose of our study was to test this hypothesis. Using a three-alternative
forced-choice paradigm, subjects were required to discriminate a 2.5 deg patch of compound grating
(f1+12; components oriented orthogonally) from a simple grating (fi only). In a control condition,
discrimination performance increased from chance level to 100% correct over the f2 contrast range
5% -20% and average threshold contrast (75% correct) for 4 subjects was 14.5%. In the test
condition, discrimination performance dropped significantly at any particular value of f2 contrast.
However, this performance loss could be recovered by increasing f2 contrast. Average threshold
contrast for the f2 component increased t0 21%. representing a 0.16 log-unit increase over the control
condition. These results demonstrate that under the conditions or our experiments, aliased
supra-Nyquist components are visible in the presence of high contrast, sub-Nyquist gratings. We
conclude that the peripheral visual system is capable of using aliased frequency components of a
complex stimulus for pattern discrimination.

Manuscript

Wang, Y., Anderson, R.S., Thibos, L.N., and Bradley, A. (1993) Aliased frequencies enable the
discrimination of compound gratings in peripheral vision. Invest. Ophthal. Vis. Sci. 34
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Wang, YZ, Thibos, LN, and Bradley, A , (1993), Masking effect of sub-Nyquist gratings on the
detection of sub- and supra-Nyquist gratings inperipheral vision. Annual Meeting of the Opt.
Soc. Am.

Wang, YZ, Thibos, LN, Anderson, R., Bradley, A., and Heggerty, K. (1993) Effect of sampling
array irregularity on the perception of supra-Nyquist moving gratings. Annual meeting of the
Am. Academy of Optometry.

Wang, Y.Z., Bradley, A., and Thibos, LN. (1994) Sub-nyquist gratings are masked by aliased supra-
nyquist gratings in peripheral vision.Ophthalmol Vis. Sci., vol 3§ ARVOQ, p. 1954,

Studies of Monocular diplopia
Bradley, Rahman, Zhang, Ye,Thibos

With the advent of widely-used contact iens corrections for most types of ametropia, we now
have an aging population of ametropes unaccustomed to wearing spectacles. The onset of presbyopia
in this population has posed new challenges for the eye care community. The presbyope has the
option of relinquishing their contact lenses and adopting the more traditional spectacle lens corrections
for presbyopes. The design principle of a bifocal spectacle lens allows the entering ray bundle to pass
through different portions of the lens each with a different optical power. One area of the lens
corrects distance vision and one near vision. By adjusting his or her gaze, the patient is able to select
the region, and hence the optical power, of choice. Such manipulation of effective optical correction
by changing direction of gaze is not possible with a contact lens. In order to providc a "bifocal”
correction with a contact lens, part of the ray bundle entering the eye is corrected for distance and
part for near. That is, at all times, part of the ray bundle will he out of focus. These lenses
simultaneously create two rather than one image (simultaneous vision bifocals). We are studying the
impact of this monocular diplopia on visual performance.

Bradley, A (1993) Simultaneous Bifocal and Multifocal Vision: from theory to practice. Optom. Vis.
Sci. 70, 437-438.

Winn, B., Bradley, A., McGraw, P., Strang, N., and Thibos, LN (1994) Chromostereopsis and
monocular chromatic diplopia in complex visual stimuli. Invest. Ophthalmol Vis. Sci., voi 35,
ARVO, p 2169.

Chromaostereopsis.
Ye, Zhang, Bradley, Thibos

We have shown that, with small pupils, chromostereopsis can be accounted for completely by
monocular transverse chromatic aberration induced by displacement of the pupils from the visual axes.
However, this simple model, which predicts chromostereopsis by the disparity between the short and
long wavelength chief .ays, cannot explain our observation that chromostereopsis declires with
increasing pupil size. Several hypotheses may be advanced to explain the loss of chromostereopsis

28




sty

LT AT S s

T )

it
¥
&
%’
R
A

R N LTS

g T ]

with large pupils. First, because of other monochromatic aberrations (e.g. coma) there may be less
disparity in the retinal images with large pupils. Second, the neural image may be shifted with
respect to the chief ray by the Stiles-Crawford Effect (SCE) such that the optical chief ray no longer
determines apparent visual direction. Finally, chromostercopsis may decline with increasing pupil size
because stereopsis is degraded with the reduced image quality that accompanies increased pupil size.
The latter hypothesis was rejected by the result of a control experiment which showed that changes of
monocular visual direction caused by pupil displacements also decline with pupil diameter. Using
wave optical analysis of a simplified model eye, we found that the separation between long and short
wavelength images caused by pupil displacement is virtually unaffected by spherical aberration and
coma, but becomes significantly attenuated when a fixed SCE is included in the model.
Experimentally, we tested this explanation by measuring chromostereopsis with large pupils
photopically and scotopically. As our model predicted, chromostereopsis with large pupils increased
under scotopic conditions where the SCE is almost absent. This result is precisely predicted by the
visual direction of the brightest point in the defocused, SCE-weighted, retinal image. We conclude
that, at photopic levels, the SCE reduces chromostereopsis for large pupils by altering the apparent
visual direction of blurred images.

Manuscripts

Thibos, LN. and Bradley A (1993) New Methods for discriminating neural and optical losses of
vision. Optom. Vis. Sci. 70, 279-287.

Color vision.
Bradley, Zhang, Thibos

Neurophysiclogical and psychophysical studies of human color vision have sought to selectively
stimulate only one of three channels (Achromatic, R/G, B/Y). Isoluminant color modulation along the
constant-R&G and constant-B axes isolate the B/Y and R/G systems respectively, while not
modulating the Achromatic system. We have shown previously this technique is compromised because
chromatic aberrations introduce luminance artifacts into the retinal images of isoiuminant grating
stimuli. Here we show that lateral chromatic aberration also introduces color artifacts. We modeled
the effect of chromatic aberration created by displacing the pupil 0.75mm from the visual axis (3
arcmin between 632.8 nm and 441.6 nm). We examined the effect of this aberration on isoluminant
grating stimuli that were modulated through the white point along either the constant-B or constant
R&G axes. Such stimuli may be created by mixtures of three monochromatic primaries (632.8 nm,
514.5 nm, 441.6 nm). Because both types of grating require simultaneous modulation of all three
primaries, differential phase shifts in the image create the following effects. First, as previously noted,
luminance modulations are introduced. Second, the modulation along the desired color axis is
attenuated. Third, and most significantly for the isolation technique, color modulations are no longer
restricted to a single axis. For example, CE space, the color modulation of a 5 c/deg R/G grating
changes from a straight line into a ellipsoid with the minor axis 20% as long as the major axis. We
conclude that experiments which depend critically upon the functional isolation technique may be
significantly contaminated by lateral chromatic aberration which can convert a single axis color
modulation in object space into a retinal image that simultaneously modulates along all three axes
(Luminance, constant-B, constant R&G).
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Manuscripts

Winn, B., Bradley, A., Strang, NC, McGraw, P., and Thibos, LN. (1954) Reversals of the color
depth illusions explained by ocular chromatic aberration. Vision Res. (submitted)

Additional Manuscripts

Wang, YZ, Thibos, LN, and Bradley A (1994) Undersampling produces non-veridical motion
perception, but not necessarily motion reversals, in peripheral vision. Vision Res. (submitted)

B. Human Factors and Applied (Clinical) Research

Visual capabilities with night vision goggles.
Bradley, Wilkinson, Thibos, Horner

During 1990-1991, tiere has been a tremendous interest ii. the visual capabilities and
limitations of current Night Vision Goggle (NVG) technology. The argument in favor of using NVGs
is simple: they enhance night vision and therefore expand the range of possible nocturnal activities.
The argument against the NVGs is that they do not provide normal daytime visual function and
therefore there are many activities that cannot be performed as accurately or safely with the NVGs.
Put succinctly, both arguments are weak because of a glaring paucity of data describing visual
capabilities with NVG's. We have performed a detailed evaluation of NVG-aided visual capability
with a broad battery of tests that included standard Snellen letter acuity, contrast sensitivity, static
vernier acuity, dynamic vernier acuity (e.g. how well can a pilot align a cross-hair with a moving
target, or a refueling hose) and depth perception. We compared aided (with NVG) and unaided vision
from twilight, Full Moon, 1/2 Moon, 1/4 Moon, Starlight, to Cloudy Starlight. We detailed the gain
in visual performance achieved relative to the naked eye over a wide range of light levels, and we
specify the results in terms of the increased range of light levels over which a particular criterion
performance can be obtained, and the increased performance level achieved at a specific light level.

Manuscript

Bradley, A, (1994) Evaluation of Visual Acuity with Gen IIl Night Vision Goggles. NASA
Technical Memorandom 108792.

Applied spatial vision models
Bradley, Thibos

The ISHC has funded Dr. Thibos’ and Dr. Bradiey's research into the optical and retinal limits
of visual function. During 1991, they were both invited to participate in a US Air Force sponsored
symposium (Armstrong Laboratory Advisory Group Conference in San Antonio, TX.) on new
theoretical and experimental models that could be developed into working models by the US Air
Force. Subsequent to this very successful meeting, a new book is in press (Applied Spatial Vision
Models, ed. Peli) in which Drs. Bradley and Thibos are contributing two large chapters on the optical

30




and neural changes that accompany "off-axis" vision. This book summarizes the meeting and provides
a genuine application of our fundamental sensory research to the mission of the US Air Force, and it
fits nicely into the USAFOSR goals.

Book Chapters

Bradley A and Thibos LN (1995) Modeling off-axis vision - I: the optical effects of decentering visual
targets or the eye's entrance pupil, in Applied Spatial Vision models, edited by Peli E., V/orld
Scientific Press.

Thibos, LN and Bradley A (1995) Modeling off-axis vision - II: the effect of spatial filtering and
sampling by retinal neurons, in Applied Spatial Vision models, edited by Peli E. World
Scientific Press.

Entopic visualization of retinal vascular detail.
Bradley, Applegate

In order to reach the site of phototransduction in the human eye, light must first pass through a
dense vascular network in the retina The vascular supply is essential to the functional integrity of the
human retina, and it is symptomatic of and responsible for many types of retinal disease. We have
examined the hypothesis that the neural rctina supplied by this retinal vascular system can resolve
details of the vascular pattern bett.. than the physician with current technology for viewing the retina.
Preliminary data from normals support this hypothesis. The value of this observation will be greatly
enhanced if patients with retinal vessel abnormalities can detect and monitor their vascular disease.

Manuscripts

Zhang, H., Bradley, A., Thibos, L.N., Applegate R.A., and Elsner, A. {1994) Comparison of
Entoptic, Fundus Photographic and Fluorescein Angiographic Methods for Viewing the
Retinal Vasculature. Optical Soc. Am. Technical Digest, vol 2 (Vision and its Applications).
pp 228-231.

Zhang, H., Bradley, A., and Applegate R.A. (1993) Comparison of entoptic and fundus camera
images of the human retinal blood vessels. AAO, Boston.

Evaluation of clinical tests of contrast sensitivity.
Bradley

Contrast sensitivity has been examined experimentally for over 20 years, but it has only
recently become available to the average clinician. Tests of contrast sensitivity are designed to be
diagnostic for certain types of disease, but perhaps more important, they provide a more complete
documentation of a patient's visual disability. Attempts have been made in the USAF and in several
other professions employing visually demanding tasks to include contrast sensitivity as a test procedure
by which to select or eliminate individuals. We are in the process of evaluating the sensitivity and
reliability of clinical contrast sensitivity tests.
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Manuscript

Thibos, LN, Still, D., and Bradley, A (1994) Characterization of spatial aliasing and contrast
sensitivity in peripheral vision. Vision Res. (submitted).

Bradley, A., Rahman, H.A., Soni, S. and Zhang, X. (1993) Effects of target distance and pupil size
on letter contiast sensitivity with simultaneous vision bifocal contact lenses. Optom. Vis. Sci.
70, 476-481.

Ophthalmic Optics

The widely-used interferometric method for bypassing the optics of the eye was first described
over 50 years ago but has never been shown to be immune to the effects of ocular chromatic
aberration. Our experiments have indicated that the polychromatic interferometer is likely to suffer
markedly from chromatic aberration in the eye. To show the physical basis for this effect, the
operation of the interferometer in conjunction with the human eye was investigated theoretically. It
was shown that if the interferometer is misaligned with the visual axis of the eye then the prismatic
effect of transverse chromatic aberration causes wavelength-dependent phase shifts in retinal fringes.
This shift is directly proportional to the magnitude of the longitudinal chromatic aberration of the eye.
The net effect is a significant loss of retinal contrast for polychromatic fringes which can lead to
threefold loss of visual acuity.

Manuscripts

Thibos, L.N. and Bradley, A. (1992) Use of interferometric visual stimulators in Optometry.
Ophthalmic and Physiological Optics, 12, 206-208.

Thibos, LN. and Bradley A (1993) New Methods for discriminating neural and optical losses of
vision. Optom. Vis. Sci. 70, 279-287.

Winn, B., Bradley, A., McGraw, P., Strang, N., and Thibos, LN {1993) Reverse Chromostereopsis
is predicted by transverse Chromatic Aberration. Color Science Conference, Manchester,
England.

Additional manuscripts

Atchison D., Bradley A., Thibos LN, and Smith G, (1994) Useful variations of the Badal Optometer.
Optometry and Vision Sci. (submitted),

Atchison D., Bradley A., Thibos LN, and Smith G, (1994) Useful variations of the Badal Optometer.
Australian Optometric Meeting.

Bradley, A and Thibos LN, (1994). Optometry Examination Review, 4th edition: Medical
Examination Publishing Company. Co-authored with Locke L., Chang, F., Gerstman, D., and
Pietch P. Appleton and Lange Publishers, 1994
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Atchison D., Bradley A., Thibos LN, and Smith G, (1995) Useful variations of the Badal Optometer.
Optical Soc. Am. Technical Digest, vol 2 (Vision and its Applications). (in press).

Bradley A. (1994) Improved vision with AR coated lenses. Oprometry Today (in Press)

Bradley, A., Applegate, R, van Heuven, W.A.]., and Nair, P. (1994) FAZ enlargement and visual
acuity in diabetic retinopathy. Ophthalmol Vis. Sci., vol 35 ARVO, p 1395.

C. Human Visual Optics

A new schematic eye that accurately models human spherical and chromatic aberration.
Bradley, Ye, Zhang, Thibos

The optical system of the human eye represents a low-pass spatial filter at the front-end of the
visual system that limits the spatial information available for vision. An accurate and computationally
simple optical model of the human eye can provide a valuable tool in evaluating the relative
contributions of neural and optical filters to human spatial vision. We have recently published a single
surface model eye that accurately models ocular chromatic aberration. We now extended this model to
reflect spherical aberrations of the eye.

Manuscripts

Thibos, LN, Ye, M, Zhang, X, and Bradley, A (1993) A new model of the human eye. Oprics and
Photonics News, Dec., 1993, p. 12.

Ye, M., Zhang, X., Thibos, L.N., and Bradley, A. (1993). A new single-surface model eye that
accurately predicts chromatic and spherical aberrations of the human eye. Invesi. Ophthal.
Vis. Sci. 34 (suppl.), 774.

Measurement of ocular chromatic aberration.
Bradley, Zhang, Thibos

Longitudinal chromatic aberration (LCA) of the human eye has teen evaluated extensively but
there is only one published experimental attempt to measure the ocular chromatic difference of
magnification (CDM). Data from that study were inconsistent with the theoretical predictions from
known models, perhaps because the magnification difference between short and long wavelengths is
likely to be very small (less than 1%). Nevertheless, according to Ogle, stereopsis ought to be
sensitive enough toc measure an interocular difference of magnification of this magunitude. Accordingly,
we have examined the effect of chromatic differences in magnification on the tilt of the Apparent
Frontal Parallei Plane (AFPP). Subjects viewed a tilting plane apparatus binocularly. Interocular size
differences were introduced using two techniques. First, afocal magnifiers were placed in front of the
right or left eyes, and secondly, different interference filters were placed in front of each eye. The
experiment was designed to identify the lens magnification necessary to nullify the interocular
difference in magnification caused by the chromatic differences in the two monocular images. For
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example, if there is a long wavelength (e.g. 650 nm) image in the right eye, and a short wavelength
(e.g. 450 nm) image in the left eye, the frontal plane appears tilted away from the right eye because
the right eye's 650 nm image is larger than the left eye's 450 nm image. We determined the lens
magnification necessary to cancel this tilt. Results on three subjects show: 1) Ocular CDM can be
considerably less than the published theoretical predictions; 2) Unlike longitudinal chromatic
aberration, large inter-subjective differences exist for CDM; and 3) CDM increases when using an
artificial pupil in front of the eye. Therefore, current theoreticai model eyes need to be modified in
order to predict CDM. Also, because axial position of the pupil is a critical determinant of CDM,
experimental use of artificial pupils can degrade peripheral retinal image quality for polychromatic
stimuli.

Manuscripts

Zhang, X., Thibos, L.N., and Bradley, A. (1994) . The wavelength-dependence of retinal image size
in human eyes corrected for the effects of wavelength-dependent refractive errors. Applied
Optics, (under revision).

Zhang, X, Bradley, A, and Thibos, LN (1993) Experimental determination of the chromatic difference
of magnification of the human eye and the location of the anterior nodal point. J. Opt. Soc.
Am. A 10, 213-220.

Optical correction of chromatic aberration.
Zhang, Ye, Bradley, Thibos

Visual sensitivity is not uniform across the pupil. Sensitivity peaks near the pupil center and is
reduced at the pupil margins (Stiles-Crawford effect or SCE). Is there any functional advantage
derived from this property? The SCE can be considered equivalent to apodization of the pupil, bui no
functional value of this apodization has been observed for well-focused images 1-3. However, the
most significant effect of SCE may be to increase depth of focus. Using a wave-optics model of the
human eye, we incorporate apodization by changing the pupil transmission function from a uniform
function into an SCE function. We calculate the influence of SCE on the OTF with defocus error or
ocular spherical aberration. Our results show that (1) Stiles- Crawford apodization significantly
improves contrast for defocused images for large pupils, and (2) The Stiles- Crawford apodization is
also effective at improving image quality when the eye exhibits significant spherical aberration.

Manuscripts
Ye, M., Bradley, A., Zhang, X., Thibos, L.N. (1992) The effect of pupil size on chromostereopsis
and chromatic diplopia: Interaction between the Stiles-Crawford Effect and chromatic

aberration. Vision Research , 32, 2121-28.

Winn, B., Bradley, A., Strang, NC, McGraw, P., and Thibos, LN. (1994) Reversals of the color
depth illusions explained by ocular chromatic aberration. Vision Res. (submitted)
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Retinal image quality and visual performance.
Thibos

The reduced schematic eye (the "water eye™) accurately describes the magnitude of both
transverse and longitudinal chromatic aberration of the human eye. The modulation transfer function
(MTF) of this model, including the effects of diffraction, is easily calculated for moncchromatic light
and the results integrated across wavelength to produce a white-light MTF. We investigated how
sensitive this MTF is to changes of wavelength-in-focus (i.e., the mean refractive error) and to
~hanges in pupil diameter for a typical (2800 K tungsten) white source. The results indicate that both
parameters have significant impact and clear maxima exist. For this source, 570 nm is the optimal
wavelength-in-focus for any pupil diameter and a 3mm pupil is optimal for any wavelength-in-focus.
These results are understandable as follows. Although tae model is emmetropic for 590 nm, the
weight of the luminous efficiency curve shifts the optimal wavelength-in-focus towards shorter
wavelengths. The optimal 3-mm pupil balances the tradeoff between the effects of diffraction for small
pupils and chromatic blur for larger pupils.

Psychophysical localization of the human visual streak.
R. S. Anderson, M. O, Wilkinson, L. N. Thibos

Several topographical studies of the human retina have revealed the presence of a weak 'visual
streak’. Curcio and Allen (1990, J. Comp. Neurol., 300, 5.) describe the visual streak as a prominent
nasotemporal asymmetry in ganglion cell density at eccentricities beyond the optic disk, such that the
ganglion cell density of the nasal retina is at least three times that of temporal retina. The obvious
implication of their results is that the asymmetry in density, as measured anatomically, will yield
measurable asymmetry in any visual function which is limited by ganglion cell density. Peripheral
resolution acuity is thought to be limited by spacing of retinal ganglion cells (Thibos et al., 1987,
#16) and therefore should reflect the anatomical asymmetry in the retina, provided the attenuating
effects of the eye's optics are minimized. We tested this hypothesis directly by employing an
interferometer to map resolution acuity as a function of retinal meridian for patches of sinusoidal
grating (2.5 deg., 550 nm) placed at 25 degrees eccentricity. To ensure that performance was
sampling limited, subjects reduced spatial frequency until aliasing vanished and veridical perception
of grating orientation was achieved. Acuity for the two subjects was higher on the horizontal nasal
meridian (5.8 to 6.6 cpd) than on the other seven meridia (1.4 to 3.2 ¢pd). Analysis of orientation
bias revealed slightly higher acuity for gratings oriented radially. Our results indicate that the human
visual streak can be localized psychophysically by using a sampling limited resolution task. The visual
streak is manifest as higher acuity values on the nasal horizontal meridian as compared to other retinal
locations of the same eccentricity. Sensitivity of this technique suggests it has potential as a non-
invasive method for assessment of gangiion cell topography in the human retina.

Color-conurast modulation transfer functions and the effect of ocular chromatic aberration.
Thibos, Zhang, Bradley, Ye

To be complete, models of color perception, spatial vision, accommodation, and many other
visual functions require knowledge of how the eye's chromatic aberration affects the color contrast of
retinal images. This in turn requires specification of the modulation answer functions (MTFs) of the
eye for each of the 3 cone types (L,M,S). Determining such MTFs is analogous to determining the
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luminance MTF of the eye for polychromatic stimuli. That problem was solved by using an optical
model of the eye to compute the monochromatic MTF for a number of different wavelengths, weight
each by the luminance efficiency curve (V1) and integrate over wavelength (Thibos et al., 1990). The
same method was used to solve the current problem by substituting for VI the fundamental sensitivity
curves of the L, M, and S cones (Vos Walraven fundamentals, as tabulated in Wyszecki and Stiles
[1982, Color Science, 2d ed., p. 614]). The results show that for a typical white light source (P4
phosphor) image quality cannot be optimized simultaneously for all three cone types. Maximum L-
con contrast occurs when the wavelength-in-focus is 570nm, but this optimum wavelength shifts to
550nm for the M-cones, and to 470nm for the S-cones. This 100nm spread corresponds to a relatively
large, 0.6 diopter refractive error which can have major impact on image contrast. For example, if
470nm is in focus then S- cones enjoy maximum image contrast but L- and M-cones will suffer up 10
2 log units of contrast attenuation (at 20 c/d; 1 log unit at 10 c/d) due to longitudinal chromatic
aberration. Such large optical effects would be expected to significantly affect post-receptoral
mechanisms sensitive to color contrast of spatial patterns.

Neural basis of scotopic acuity.
M. O. Wilkinson, L. N. Thibos, A. Bradley

Evidence from several primate studies suggests that the magnocellular (M) pathway supports
scotopic vision due to the inability of the parvocellular (P) pathway to respond to patterned stimuli
below 1 phot. Td. (Purpura et al., 1988 [Proc. Natl. Acad. Sci., 85, 4534]). However, Fairchild and
Lenie (1988 [OSA Tech. Digest Series, 11, 80]) found human scotopic resolution limits too high to be
supported by the M pathway. They also failed to find aliasing, which led them to conclude that
scotopic resolution is limited by the size, not spacing, of P cell receptive fields. However, the
attenuating effects of the eye's optics may have rendered their task contrast- limited which would have
prevented the detection of aliased patterns. We tested this hypothesis directly by employing an
interferometer to avoid optical limitations, Resolution limits were set for patches of sinusoidal gratings
(0.1 phot. Td. at 505 nm) of variable eccentricity along the horizontal meridian in the temporal retina.
Subjects reduced spatial frequency until veridical perception of grating orientation was achicved. Mean
scotopic resolution limits were 8.2 cpd at 5 degrees and declined with eccentricity to 1.5 cpd at 40
degrees. For several subjects, there was no significant difference between photopic and scotopic acuity
and for others scotopic acuity was only slightly worse. Aliasing was reported by all subjects, which
confirms that the resolution task was sampling limited. One subject confirmed aliasing at 0.0i phot.
Td., which was only 1.5 log units above absolute threshold. Our results support Fairchild and
Lennie's (1988) conclusion that scotopic acuity is i00 high to be supported by the M pathway and
therefore must be carried by the P pathway. However, contrary to their results, our observation of
aliasing for spatial frequencies up to 50% beyoud the resolution limit indicates that it is the spacing,
not the size, of the P cell receptive fieids that limit scotopic resoiution in the human pcripheral reiina.
The reduced scotopic acuity indicates that the less sensitive P cells may drop out as luminancs
decreases, thus reducing the effective sampling density. (This project was supported by N.I.H.
EY05109.)

The chromatic eye: A new mode! of ocular chromatic aberration.
L. N. Thibos, M. Ye, X. Zhang, and A. Bradley

The optical apparatus of the eye presents a low-pass spatial filter to the front end of the visual
system which is a potential limiting factor for any visual task. In the well focused eye, chromatic
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aberration and diffraction are thought to be the major optical factors limiting vision (van Meeteren,
1974 [A. Ophca Acta, 21, 395412]; van Meeteren, A. and Dunnewold, CJ.W., 1983 [Vision Res.,
23, 573 -579, Thibos, L.N., Bradley, A. and Zhang, X., submitted [Optom. Vis. Sci.]).
Consequently, it is important to have available an accurate, mathematically tractable model of ocular
chromatic aberration to help gauge the potential magnitude and significance of these optical effects for
visual performance.The principle of the two-color vernier method (Thibos, L.N. et al., 1990 [Vision
Res., 30, 33 19; Ivanoff, A. C. R., 1946 [Acad. Sci. (Paris), 223,170~ 17y) was used to measure
focussing errors of the eye. A subject viewed a vertically oriented, vernier target in which the upper
bar was fixed in space and illuminated with light of reference wavelength 555 nm. The lower bar of
the target could be displaced horizontally and was illuminated with a variable wavelength source. The
subject viewed this target through a pinhole aperture which was attached to a micrometer for precise
positioning by the experimenter. The subject's task was to align the two-color vernier target by
physically misaligning the lower bar in compensation for the chromatic difference of position. In the
context of the reduced-eye model, the amount of defocus of the eye for the given test wavelength is
given by the rate of change of vemier offset with pinhole displacement (Thibos, L.N. et al., 1990
[Vision Res., 30, 339; Ivanoff, A. C. R., 1946 [Acad. Sci. (Paris), 223,17172]). The data provide a
reliable new assessment of the variation of refractive error of the human eye across the visible
spectrum, These results are accurately described by a reduced-eye optical model which has a
refractive index which changes more rapidly with waveiength than cccurs for the water-eye model. To
distinguish it from the water-eye, we have dubbed this new reduced-eye model of ocular chromatic
aberration the "chromatic eye."

D. Event Perception and Perception in Relation to Head Movement.

Visual perception of lifted weight.
Bingham

Observers viewing displays created by filming people lifting weights from 5 Ib to 95 1b so that
only bright patches attached to the major limb joints can be seen in the displays have been shown to
be able to judge the amount of weight lifted. The naiuval question is how mere motions can provide
visual information for amount of lifted weight. The original studies used standard displaye in which
observers where told the amount of weight lifted. We have replicatod these studies without standard
displays demonstrating that they are not required for the result Further, we have varied the size of the
lifters from 115 Ib to 190 Ib in displays containing no static iaiormation for lifier size (e.g. image size
of patches or the distribution oi patches) and varied the range of wcights lifted by each lifter and
shown that observers remain able to judge lifted weights. This implies that the motions provide
information for lifter size. Current experiments are investigating this possibtility.

Perceiving the size of objects in events
Bingham

Traditional sclutions to the problem of size perception have confounded size and distance
perception. We investigated size perception using information that is independent of distance As do
the shapes of biological objects (Bingham, 1992), tae forms of events vary with size. We investigated
whether observers were able to use size specific variations in the kinematic forias of events as
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information about size. Observers judged the size of a ball in displays containing only kinematic
information about size. This was accomplished by covarying object distance and actual size to
produce equivalent image sizes for all objects and extents in the displays. Simulations were generated
using dynamical models for planar events. Motions were confined to a plane parallel to the display
screen. Mass density, friction, and elasticity were held constant over changes in size, simulating
wooden balls. Observers were able to detect increasing size of the ball. Mean judgments exhibited a
pattern predicted by a scaling factor in the equation of motion derived using similarity analysis.

Visual perception of tree size.
Bingham

Two aspects of the shape of trees are constrained by scaling laws that produce a relation
between tree size and tree shape. We have been investigating tree shape as information about tree
size by producing tree silhouettes via computer graphics simulations that have been borrowed from
research in tree morphology and that model the physical processes underlying the relevant scaling
laws. Observers have been asked to judge tree height merely from the silhouettes, all of the same
image size and without any background structure. Results compare favorably with results when the
same observers were asked to judge the height of real trees observed around the campus. We next
placed the tree silhouettes in the context of a ground texture gradient together with a set of cylinders
of varyi- ~ size placed at various locations within the gradient. The problem with either ground
texture gradients or motion parallax fields is that neither provide information for absolute scale. Only
the relative sizes and distances of objects within the field can be determined. We investigated whether
the trees might confer an absolute scale on a ground texture gradient. This possibility was confirmed
by our results. Observers were able to estimate the size of the cylinders when they appeared in the
context of the trees, but not without the trees.

Visual identification of events
Bingham

People are able to perceive and recognize events. How might event structure and
corresponding information about events be described? We have developed 'optical phase space’ as a
possible description and as 2 way to illustrute both the nature of events as objects of perception and
the problem of mapping from event structure to optics. Optical phase space yields enough structure to
allow us to analyze the identification of such dynamical properties as rigidity, elasticity, plasticity, and
liquid flow. The importance of event dynamiics in determining the perceptual significance of motions
in events was investigated. Patch-light displays were recorded for 9 simple events selected to
represent different kinds of dynamics including rigid body dynamics, biodynamics, hydrodynamics,
and aerodynamics. Observers of the displays described the events in both a free response task and in
tasks in which observers circled properties in a list. Results of cluster analyses performed on
frequencies for descriptors reflected the underiying dynamics rather than crude kinematic similarities
among the displays. Observers discriminated animate versus inanimate versions of rigid body events
where only the form of the phase trajectories differed. Three viewing conditions were used as a
between-subjects manipulation including upright displays and observers, inverted displays and upright
observers, and upright displays and inverted observers. Perceived event identities varied with the
absolute orientation of the displays with respect to gravity, but were unaffected by the relative
orientation of display and observer. Finally, the event kinematics were measured and investigated as
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the source of information for event identities. A force-choice task confirmed the ability to
discriminate animate motions based only on the form of phase space trajectories. The dynamics of
these events was modeled to discover the properties which reveaied animate activity.

Optic flow generated by eye movements.
Bingham

As the point of perspective moves in cluttered surroundings optical texture is revealed or
hidden at boundaries corresponding to occluding edges. The point of perspective in the eye is located
near the lens and pupil at a distance of about 11mm from the center of rotation of the eye. Thus,
even with the head immobilized, the point of perspective moves as the eye is rotated during eye
movements. The resulting accretion or deletion of optical texture occurs at optical boundaries which
sweep across the retina in phase with the accretion/deletion. Can observers detect such optical flows?
Five observers were tested in monocular viewing. OU's head was immobilized via a biteboard with
the center of rotation of the right eye located at the intersection of centerlines extended from 2
optical benches, one lying along the line of gaze parallel to the sagittal plane of the head (straight
ahead) and one lying along a line of gaze at a visual angle from straight ahead of either 20!, 30!, or
40! nasalward. Two white surfaces were adjusted via translation platforms with micrometers so that
a red area on the rear surface was just occluded by the left edge of the front surface as O looked
straight ahead. The amount of red texture revealed and detected as O looked nasally at a target
lacated on the second bench was measured by translating the rear surface to the right until the texture
was no longer detected by O (method of adjustment). Twelve configurations of surface distances
were tested with the three angles of eye rotation. Predicted visual angles of revealed texture
somewhat overestimated measured angles. A subsequent test with four OU's using a criterion-free
signal detection method at two configurations of the surfaces revealed that the texture could be
detected up to the predicted angles. Finaliy, we investigated whether this information could be used
to detect the separation of surfaces in depth. We found that observers could distinguish separated
from flat surfaces, but they could not detect which surface was closer.

Object shape as visual information about the center of mass.
Bingham

Grasps are often organized and located with respect to the center of mass in an object. The
stability of a precision or pincing grasp is determined by where the axis extending between opposing
pincers passes with respect to the center of mass. An axis above the CM results in stabile equilibrium
while one below is unstable. Passing the axis through the CM results in neutral equilibrium such that
the object will remain at any crientation in which it is placed by rotating about the axis. How might
observers visually assess the location of the CM preparatory to a grasp? We investigated symmetry
properties as information in planar objects. Objects with from 0 to 4 axes of reflective symmetry as
well as objects with various periods of rotational symmetry were used. Observers were asked to place
the points of a set of tongs at the location at which that would grab the object to achieve neutral
equilibrium in a grasp. The orientation and the size of the objects were also varied. Random errors
were significantly affected by both size and symmetry. Systematic errors were affected orientation.
Additional studies were performed to investigate information used in the absence of symmetry.
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Sensorimotor learning in reaching with vision through a displacement prism
Bingham

Observers reaching to a target seen through wedge-shaped displacement prisms initially reach
in the direction of displacement, correcting their reaches over a series of about 12 trials. With
subsequent removal of the prisms, observers initially reach to the opposite side of the target,
correcting over about 6 trials. This phenomenon has been called "adaptation” because of its similarity
to the adaptation of sensory thresholds to prevailing energy levels. We show, however, that this
perturbation to visually guided reaching only mimics sensory adaptation initially. Subsequent changes
show that this is sensorimotor learning. Error in pointing to targets is the commonly used measure.
We measured times for rapid reaches to place a stylus in a target. Participants wearing a prism
worked to achieve criterion times previously established with normal, unperturbed vision. Blocks of
trials with and without a prism were alternated. Both the number of trials to criterion and the mean
times per block of trials decreased over successive blocks in a session, as well as over successive
days. By the third day, participants were able to respond rapidly to perturbations. This reflects the
acquisition of a new skill that must be similar to that acquired by users of corrective lens.
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Bingham, G.P. (1995). Dynamics and the problem of visual event recognition. To appear in Port, R.
& T. van Gelder (eds.), Mind as Motion: Dynamics, Behavior and Cognition. Cambridge,
MA: MIT Press.

E. Color Vision

Theory and data concerning color perception and visual adaptation.
Guth

A model for color perception and visual adaptation has been developed by Dr. Guth with full
support from the Institute. The mode! and its revisions have been published as a major paper in the
Journal of the Optical Society of America, and it represents an important advance in the visual
sciences. That is, given the physical specification of a light, the model allows predictions of the light's
detectability, brightness, hue and saturation. Also, the model will predict if the light will be
discriminably differen: from other nearby lights of background fields, and it can make these
predictions for vision under a very wide range of chromatic and achromatic adaptation conditions.

Recent work on the model has allowed it to make predictions over an increased range of
luminance levels, and it is now presented in a form that makes it more accessible to lighting and
imaging engineers for use in the applied sector.Questions that emerged from the model have
concerned (i) whether or not the stimulus that appears as a perfect white (i.e., completely achromatic)
varies with intensity level, and (ii) whether complex color contrast effects can be modeled using
simple averaging rules. Both of these questions are being studied with graduate student T, Petersime.
Experiments with Mr. T. Petersime (a graduate student) show that the perception of "unique” white is
indeed invariant with intensity changes. (The model has been modified to reflect this sact.)

Manuscripts

Guth, S.L., (1994) ATD model for color vision I: background. Proc. SPIE -- The Int. Soc. Opt.
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Conference on Colour Vision, Manchester, U.K., Sept., 1994.
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V. Bioacoustic Research

Effect of unilateral denervation on the acoustic output from each side of
the syrinx in singing mimic thrushes.
Suthers, Hartiey

Microbead thermistors implanted in each primary bronchus of adult wmale
catbirds (Dumetella carolinensis) and brown thrashers (Toxostoma rufum) were used to record the
acoustic contribution from each side of the syrinx before and after unilateral denervation of the
syringeal muscles. Thermistors responded to air movement produced by the vibrating syringeal
membranes. In these birds, paralysis of the muscles on either side of the syrinx resulted in an
zbnormal song, but the effect was usually slightly greatex after the left side was paralyzed,
Denervation of either the left or right side of the syrinx increased the number of syllables to which
that side contributed sound. Few or no syllables were produced by the intact side alone and most
post-operative syllables contained simultaneous contributions from both sides of the syrinx. The sound
generated on the denervated side usually consisted of a fundamental with an abnormally low frequency
and multiple harmonics. The frequency of this fundamental typically paralleled changes in the rate of
airflow on that side of the syrinx, which in turn followed changes in the driving subsyringeal pressure.
Sound from the intact side was essentially normal. The abnormal post-operative song in these birds is
primarily due to their inability to regulate resistance or membrane tension on the operated side of the
syrinx. We postulate that since the denervated side can no longer be silenced by adduction, its relaxed
medial tympaniform membrane vibrates at a frequency determined by the rate of airflow across it.
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VI. Cognition and Decision Making

Attention, automatism, and skill learning.
Shiffrin

Nancy Lightfoot and I are continuing research on perceptual learning and automatic
processing. Several articles and papers have appeared on this topic (Shiffrin, Czerwinski, and
LKightfoot, 1993; Czerwinski, Lightfoot and Shiffrin, 1992, Lightfoot and Shiffrin, 1992) and others
are in preparation. We have constructed novel visual characters so that they would tend to consist of
three separate and independent visual features; we then demonstrated experimentally that this
representation was correct. During extensive training in which subjects searched for one of these
characters in a visual field of others, the rate of search improved by an order of magnitude (a most
surprising finding since for known characters the rate of se