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ABSTRACT
Purpose. Age-related macular degeneration is the leading cause of vision loss among Americans aged �65 years.
Currently, no effective treatment can reverse the central vision loss associated with most age-related macular degener-
ation. Digital image-processing techniques have been developed to improve image visibility for peripheral vision;
however, both the selection and efficacy of such methods are limited. Progress has been difficult for two reasons: the
exact nature of image enhancement that might benefit peripheral vision is not well understood, and efficient methods for
testing such techniques have been elusive. The current study aims to develop both an effective image enhancement
technique for peripheral vision and an efficient means for validating the technique.
Methods. We used a novel contour-detection algorithm to locate shape-defining edges in images based on natural-image
statistics. We then enhanced the scene by locally boosting the luminance contrast along such contours. Using a
gaze-contingent display, we simulated central visual field loss in normally sighted young (aged 18–30 years) and older
adults (aged 58–88 years). Visual search performance was measured as a function of contour enhancement strength
[“Original” (unenhanced), “Medium,” and “High”]. For preference task, a separate group of subjects judged which image
in a pair “would lead to better search performance.”
Results. We found that although contour enhancement had no significant effect on search time and accuracy in young
adults, Medium enhancement resulted in significantly shorter search time in older adults (about 13% reduction relative
to Original). Both age-groups preferred images with Medium enhancement over Original (2–7 times). Furthermore, across
age-groups, image content types, and enhancement strengths, there was a robust correlation between preference and
performance.
Conclusions. Our findings demonstrate a beneficial role of contour enhancement in peripheral vision for older adults. Our
findings further suggest that task-specific preference judgments can be an efficient surrogate for performance testing.
(Optom Vis Sci 2012;89:1374–1384)
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People who lose their central retinal vision owing to disease,
such as macular degeneration, have to rely on their periph-
eral vision for form-vision tasks such as reading, recognizing

faces, and watching television. Pattern recognition in peripheral
vision is known to suffer from reduced acuity1,2 and loss in contrast
sensitivity.3–6 It is further limited by crowding, that is, the impairment

in recognition performance due to clutter.7,8 It has been shown that
even with unrestricted amount of magnification, reading in the pe-
riphery remains slow,9,10 and face recognition is poor.11

Age-related macular degeneration (AMD) is the leading cause of
vision loss and blindness among Americans aged �65 years. About
1.75 million US residents currently have advanced AMD with
associated vision loss.12 These individuals often report a great deal
of difficulty in daily visual activities. Their numbers are expected to
grow to almost 3 million by 2020.12 There is currently no effective
medical treatment that can reverse the central vision loss associated
with the majority of AMDs. However, visual aids (mostly based on
magnification) have been developed to improve image visibility in
the periphery.
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In theory, digital image processing techniques hold great poten-
tial for developing effective visual aids, as they are not as con-
strained by the physics of image formation as optical aids. A
successful digital image enhancement technique can be incorpo-
rated into the signal-processing pipeline in a variety of video out-
put systems, including television, computer, and smartphone
video screens. Given the increasing prevalence of digital video me-
dia in use, the potential impact of visual aids based on image
enhancement is large and growing.

At present, both the selection and efficacy of image-enhancement-
based visual aids are very limited. Closed-circuit televisions for low-
vision applications typically include simple image enhancement
techniques such as boosting the overall image brightness and con-
trast, stretching and thresholding the contrast, contrast reversal,
and digital magnification. Various digital filtering techniques have
been proposed and tested, but few are commercially available, and
several commercial devices have been discontinued.13 Only one
product, the algorithms of which were developed in the context
of low-vision research, is marketed for general-purpose image
improvements.14

Progress has been difficult because the exact requirements for
image enhancement that best benefit peripheral vision are not
known. Current approaches do not address certain core limitations
of peripheral form vision, such as crowding, that are beyond the
low contrast sensitivity of peripheral vision. Another obstacle in
the development of image enhancement technology for low-vision
applications is the lack of efficient methods for measuring such
benefits.13 There is no “eye chart” to rapidly assess visual functions
relevant for daily living in patients with central field loss (CFL).
Even when more controlled laboratory testing is possible, it is not
yet clear what tasks are most representative of the visual tasks of
daily living. Adding to this difficulty, recruiting a large number of
CFL patients for extensive laboratory testing is challenging. Lastly,
although generic preference judgments (“Which image appears
clearer or more understandable?”) are easier to measure than per-
formance, there is no established link between the two.

The present study addressed these challenges by (1) developing
a novel image enhancement technique for peripheral vision and
testing its effectiveness, (2) simulating CFL in age-matched nor-
mally sighted subjects using a gaze-contingent visual display, (3)
demonstrating the utility of a simple visual search task for assessing
the benefit of image enhancement techniques, and (4) determining
whether task-specific preference and performance are correlated.
The technology development part of the first objective is the topic
of a separate report, and we shall limit our description here to the
essential aspects of the enhancement method that are relevant to
our other objectives.

We developed a novel image statistics–based contour-detection
algorithm to locate shape-defining edges in a scene. Once shape-
defining edges were identified in original images, the contrast of
these edges was locally boosted while preserving their sharpness.
Using a gaze-contingent display, we induced an artificial central
scotoma (10° in diameter) in normally sighted subjects.

Visual search performance (speed and accuracy) was measured
as a function of contour enhancement strength—“Original” (i.e.,
unenhanced), “Medium” enhanced, and “High” enhanced images.
The search task was chosen because it is an ecologically relevant
visual activity. It also engages multiple components of the visual

and oculomotor systems in a way that demands speed as well as
accuracy. With simulated central scotoma, we found that although
contour enhancement had no significant effect on search perfor-
mance in young adults (aged 18–30 years), a modest amount of
enhancement resulted in substantially improved search perfor-
mance for older adults (aged 58–88 years). In addition to task
performance, we independently assessed task-specific subjective
preference for the enhanced images relative to the Original. Both
age-groups under the simulated scotoma conditions preferred im-
ages with Medium enhancement compared with the Original.
Across age-groups, image content types, and enhancement levels,
we found that a close relationship existed between preference and
performance.

METHODS

Subjects

Study participants included 16 older (ages ranging from 58 to
88 years, 10 women) and 39 young adults (ages ranging from 18 to
30 years, 18 women). All subjects were free of eye diseases and
without known cognitive or neurological impairments. The 16
older adults were recruited from the Los Angeles metropolitan
area. Their mean distance acuity (Lighthouse distance acuity chart)
was 0.11 logMAR (Snellen 20/25). Proper refractive correction for
the viewing distance was used. The older adults received monetary
compensation for their participation and transportation. The
young adults were recruited from the University of Southern Cal-
ifornia campus. Their mean distance acuity (Lighthouse distance
acuity chart) was �0.1 logMAR (Snellen 20/15). The young
adults received either monetary compensation or class credit for
their participation. The experimental protocols were approved by
the internal review board of the University of Southern California,
and written informed consent was obtained from each subject
before the experiment.

Stimuli and Apparatus

Stimuli were high-contrast 24 bit RGB color images of three
types of contents: faces, indoor scenes, and collections of objects
(Fig. 1). One hundred fifty-seven images (1024 � 768 pixels) were
selected from an image database.15 One hundred fifty images were
used for the experiments, and the remaining seven images were set
aside for practice trials before the experiments. The same set of 150
images was used both for visual search and preference tasks. Two
different contour enhancement levels were applied to the images,
resulting in three enhancement conditions: Original (i.e., unen-
hanced), Medium, and High enhancements (Fig. 1). Each en-
hancement level contained an approximately equal number of
three content types (16 or 17 images per enhancement level).

The original image was enhanced along shape-defining con-
tours. To do this, contour probability was estimated using a novel
local-edge detection method based on learned natural-image sta-
tistics.16 Having identified locations of high local-edge probability,
a local Cornsweet-like gain function was used to modulate the
luminance in the orthogonal direction to the shape-defining edge.
Although only a small portion of the image was altered, the overall
perceived contrast was increased owing to the perceptual filling-in
mechanism responsible for the Craik-O’Brien-Cornsweet illu-
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sion.17 Locally, the enhancement led to an increase in luminance
on the brighter side of an edge by a multiplicative factor of (1 � �)
and a decrease of luminance by a factor of (1 � �) on the darker
side. At the edge pixel (the brighter pixel of the edge), the values for
� reached the maximum of 0.4 and 0.6 for Medium and High
enhancement, respectively. The gain (�) decreased exponentially
from the edge with space constants (�) of 1.33 and 5 pixels for
Medium and High enhancement, respectively (Fig. 2). Note
that our enhancement operation is not a local high-pass filter; it
adds contrast across selected contours in the medium- and high-

spatial-frequency range while preserving the lower spatial
frequencies.

The stimuli and experiment were controlled using MATLAB
(version 7.9) and Psychophysics Toolbox extensions18,19 for Win-
dows 7 running on a Dell personal computer. The display was a
19-in CRT monitor with the maximum brightness of 90 cd/m2. Its
refresh rate was 85 Hz, and it had a resolution of 1024 � 768
pixels. The stimuli were presented at a viewing distance of 57 cm,
and thus spanned 40° horizontally. The native and uncorrected
gamma of the display was 2.22, verified with a photometer.

FIGURE 1.
Samples of the (a) “Original” image, and images enhanced at (b) “Medium” and (c) “High” strength levels.
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Simulated Central Scotoma

A gaze-contingent visual display was used to simulate central
visual field loss in normally sighted subjects. This paradigm re-
ferred to as “artificial scotoma”20 has been used in previous studies
to investigate various issues related to CFL.21–23 Subjects’ eye
movements were monitored using an infrared video-based eye
tracker sampled at 2000 Hz (EyeLink 1000/Tower Mount mon-
ocular eyetracker, SR Research, Ontario, Canada). A nine-point
calibration/validation sequence was performed at the beginning of

every block. Calibration and/or validation were repeated until the
validation error was smaller than 1° on average. The real-time gaze
position was sent to the display computer through a high-speed
Ethernet link. The real-time gaze information was used to draw a
scotoma on the display screen at a refresh and update rate of 85 Hz.
The size and shape of the scotoma were derived from the visual
field measurement obtained from a patient with AMD,24 as shown
in Fig. 3. The scotoma was nearly a circular disc and subtended
about 10° of visual angle, and was rendered as a uniform gray-

FIGURE 2.
Cornsweet-like contour enhancement. (a) The luminance of each selected edge is multiplied by a factor of (1 � �) on the brighter side and (1 � �) on
the darker side, with � decays exponential with distance from the edge pixel (the brighter pixel of an edge) with a space constant � (i.e., the gain at
distance � is 1/e the gain at distance 0). The values of �(0) and � are 0.4 and 1.33 pixels for the Medium enhancement and 0.6 and 5 pixels for High
enhancement, respectively. The effect of the enhancement on luminance across an edge is illustrated in (b).

FIGURE 3.
Task procedure. (a) Illustration of one trial in the visual search task. A target object was always presented in an inset (demarcated by a black-and-white
frame) at the upper left corner of the display screen throughout the trial. A subject’s task was to find the target in a cluttered scene. The subject pressed
a key as soon as they found the target object. The subject then indicated the location of the target with a mouse cursor. (b) Illustration of one trial in
the preference task. A subject’s preference for an image enhancement type over the Original was measured using a temporal two-interval forced choice
paradigm. For a given trial, an Original image was pitted against one of its enhanced versions. In each trial, the subject viewed the two images one after
the other. The two images differed only in whether they were enhanced. The subject could alternate between the two images by a key press. The subject
indicated by a mouse click which image might lead to a better performance when looking for an object. No search target was indicated in the images.
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colored patch (18 cd/m2) on the screen. The average delay between
actual eye movement and screen update was estimated to be
approximately 10 ms (range: 2–15 ms, based on eye-data-to-frame-
time latency we measured on the stimulus computer and manufac-
turer’s data on minimum eye data latency). The gaze position
error, that is, the difference between target position and computed
gaze position, was estimated during the nine-point validation pro-
cess. The average gaze position error was 0.5° (range: 0.1–1°. A
chin-and-forehead rest was used throughout the experiment to
minimize head movements and trial-to-trial variability in the esti-
mate of gaze position. Only the right eye was tracked. Viewing was
binocular.

The results from the scotoma-free (i.e., foveal viewing) experi-
ment indirectly confirmed the effectiveness of the gaze-contingent
display on performance. A substantial increase in accuracy and
decrease in search time were observed in the data obtained from the
scotoma-free experiment (refer to RESULTS) compared with the
conditions with the simulated central scotoma. This demonstrated
that the simulated central scotoma remained effective despite the
modest amount of spatiotemporal imprecision in the eye-tracking
system. Furthermore, as it will transpire, we found that Medium,
but not High, strength of enhancement was effective in improving
performance for the older adults with simulated scotoma. This
makes it unlikely that the observed enhancement effect was due to
any update lag of the gaze-contingent display, allowing foveal pre-
views.20 Such a foveal preview would have been made more salient
and effective with the High-strength enhancement.

Procedure

Visual Search Task

The 150 images were randomly divided into three groups of 50,
one for each image enhancement level. In each trial, one of 150
images, selected at random (without replacement), was presented
on the computer screen. The search target, which was an object in
the presented image, was displayed in an inset (demarcated by a
black-and-white frame) at the upper left corner of the display
screen throughout the trial (Fig. 3a). The same enhancement
strength was applied to the search target as the rest of the picture.
The subjects’ task was to find the target object in a cluttered scene.
Subjects had to press a key as soon as they found the target object,
which provided a measure of search time. Subjects were then asked
to report the location of the target by pointing the mouse cursor to
the target, which provided a measure of accuracy. A correct re-
sponse was scored when the subject placed the cursor inside the
target region (scene region as depicted in the target inset), which,
on average, was within 1.7° from the center of a target. The median
size of the target objects was 3.6° of visual angle (range: 0.8–9.8°).
There was no significant difference in target size across enhance-
ment levels (height: F(2,3698) � 0.16, p � 0.86; width: F(2,3698) �
0.26, p � 0.77). Subjects had no difficulty seeing the mouse
pointer (approximately 1.3°) in the periphery. The search scene
and target remained on the screen until subjects made their re-
sponses. Subjects were instructed to find the target and make their
responses as accurately and quickly as possible. It was also stressed
to the subjects that the two responses (i.e., a key press for detecting
a target object and a mouse click for the target location) should be

made for the same object. No feedback was provided. Subjects
were given a series of practice trials before the experiment. The
gaze-contingent display remained active throughout the entire
experiment.

Preference Task

Subjects’ preference for image enhancement strength was mea-
sured using a temporal two-interval forced choice paradigm (Fig.
3b). For a given trial, an Original image was always pitted against
one of its enhanced versions. In each trial, subjects viewed two
images, one after the other. The two images differed only in
whether the image enhancement was present. Subjects were able to
toggle between the two images with a key press. They were in-
structed the following: “Imagine yourself searching for an object in
this cluttered scene. Which one do you think would be more
helpful for you to perform such a task?” Subjects were aware that
their choice should not be based on an esthetic judgment. Unlike
the visual search task, no search target was presented. Subjects
made their choice with a mouse click. They were given unlimited
viewing time to ensure sufficient comparison before their decision.

The first alternative shown was evenly divided between the
Original and enhanced images. Subjects performed one block of
the preference task, which consisted of 150 trials. The images were
randomly divided into two sets of 75 images, one for the choice
between Original and Medium enhancement, and the other for the
choice between Original and High enhancement.

Experiment Design and Data Analysis

Both visual search and preference tasks were performed with a
simulated central scotoma, such that subjects had to rely on their
peripheral vision to carry out the tasks. In addition, we conducted
foveal versions of the two tasks on different groups of subjects
without any simulated scotoma. The foveal-viewing control exper-
iment was included to verify the effectiveness of the simulated
scotoma, and to see if our findings were specific to peripheral
vision.

There were six groups of subjects: three groups of older adults
(one for the visual search task, one for the preference task, and one
for foveal viewing), three groups of young adults (one for the visual
search task, one for the preference task, and one for foveal viewing).
Ten older subjects were randomly assigned to one of two groups of
five older adults (hereafter “older scotoma group” for conve-
nience). A separate group of six older subjects was assigned to the
foveal-viewing control experiment (“older scotoma-free group”).
Twenty-six young subjects were randomly assigned to one of two
groups of 13 young adults (“young scotoma group”). A separate
group of 13 young subjects was assigned to the foveal-viewing
control experiment (“young scotoma-free group”). Subjects’ visual
acuity and age were well matched within each age-group.

For the scotoma groups, visual search performance and task-
specific preference were assessed with different groups of subjects
to avoid any unwanted interactions between the two tasks (a pre-
ceding preference judgment might lead to a preview effect on visual
search, whereas subjective impression of performance during visual
search could influence the subsequence preference judgments).
Each age-matched control (scotoma-free) group performed both
visual search and preference tasks for efficiency and simplicity. For
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these groups, the search task was always preceded by preference
task. Each subject was tested with three levels of image enhance-
ment (Original, Medium, and High) and three content types
(faces, indoor scenes, and object collections) in random order.

To analyze data from the visual search experiment, we per-
formed a 3 (enhancement strength: Original, Medium, High) � 3
(content type: faces, indoor scenes, object collections) repeated-
measures analysis of variance on search accuracy and log search
time, with enhancement strength and content type as within-
subject factors. Only trials with a correct response were included in
the analysis of search time.

For the preference experiment, we define “preference” as the
odds of choosing the enhanced version of image over the Original
image: penhanced/(1 � penhanced) � penhanced/poriginal. Thus, prefer-
ence is �1 if subjects preferred the enhanced version over the
Original, �1 if they preferred the Original, and 1 if they showed
no preference. We conducted two analyses. First, to see whether
Medium and/or High enhancements were preferred over the Orig-
inal image, we performed a two-tailed t test to determine whether
log preference for either enhancement strength was different from
zero. Second, to test whether there was any difference between
Medium and High conditions, we performed a 2 (enhancement
strength: Medium, High) �3 (content type: faces, indoor scenes,
object collections) repeated-measures analysis of variance on log
preference, with enhancement strength and content type as within-
subject factors.

RESULTS

Older Adults

Fig. 4 shows search accuracy and search time as a function of
enhancement strength for older adults. For the scotoma group,
there was a significant main effect of enhancement strength on
search time (F(2,8) � 12.52, p � 0.01). The search time for the
Medium enhancement was significantly shorter than the Original
(F(1,4) � 20.70, p � 0.015, Bonferroni corrected) and High en-
hancement (F(1,4) � 18.91, p � 0.015, Bonferroni corrected), and
there was no difference between Original and High-enhancement
conditions (F(1,4) � 4.18, p � 0.05, Bonferroni corrected).

Our results showed that when contours in an image were en-
hanced with Medium strength, the search time was reduced by 13
and 20% compared with the Original and High enhancement,
respectively. There were no significant interaction between en-
hancement strength and content type (F(4,16) � 1.28, p � 0.05),
meaning that regardless of image content, Medium enhancement
benefits visual search performance. For accuracy, unlike search
time, we did not find any main effect of enhancement strength or
content type, or any interaction between these two (p � 0.05). The
mean accuracy was 57.37% (	10.43 standard error of the mean).
The chance level, obtained by randomly permuting the target and
mouse-response coordinates across trials, was 1.46%.

In contrast, for a separate group of older adults performing the
same visual search and preference tasks without any simulated

FIGURE 4.
(a) Search accuracy (percent correct) as a function of enhancement strength for older adults; (b) search time as a function of enhancement strength.
Closed circles indicate the average accuracy and search time values across three content types from the scotoma group. Open circles indicate the data
from the scotoma-free group. Error bars indicate 	1 standard error of the mean. *Statistical significance at family-wise � � 0.05, after correcting for
multiple comparisons.

Simulated Central Scotomas and Visual Search—Kwon et al. 1379

Optometry and Vision Science, Vol. 89, No. 9, September 2012



scotoma, we did not find any significant difference in search time
among enhancement strengths (F(2,10) � 1.19, p � 0.05; Fig. 4b).
There was no main effect of enhancement strength on accuracy
(p � 0.05; Fig. 4a). The average search time of the scotoma-free
group was shortened by a factor of 2 compared with the scotoma
group. The scotoma-free group showed a high level of search ac-
curacy (96%). These results show that our artificial scotoma was
effective in blocking central vision.

In two separate groups of older subjects (one for the scotoma
group, the other for the scotoma-free group), we measured prefer-
ence for each enhancement strength (Fig. 5). In a typical trial, a
subject alternated between the two images four times on average
before making a response. The median response time was 8 s
(range: 1.24–64 s).

For the scotoma group, images enhanced at Medium strength
were strongly preferred over the Original by a factor of 7 (t(14) �
13.63, p � 0.01), whereas images enhanced at High strength were
strongly disfavored (t(14) � �5.34, p � 0.01). Based on its pref-
erence rating with respect to the Original, Medium strength was
strongly preferred over High-strength enhancement (F(1,4) �
56.66, p � 0.01). There was no interaction between enhancement
strength and content type (F(2,8) � 0.54, p � 0.05).

In contrast, for the scotoma-free condition, we did not find any
significant difference in preference between the Original and Me-
dium enhancement (t(17) � 1.25, p � 0.05; Fig. 5). The High
enhancement was still disfavored compared with the Original
(t(17) � �9.68, p � 0.01) or Medium enhancement (F(1,5) �
72.05, p � 0.01).

Young Adults

Fig. 6 shows the search performance for young adults. For the
young scotoma group, unlike the old scotoma group, there was no

significant main effect of enhancement strength on search time
(F(2,24) � 0.68, p � 0.05) and no significant interaction effect
between enhancement strength and content type (F(4,48) � 0.16,
p � 0.05).

The geometric mean of the search time for the young scotoma
group was substantially faster than the old scotoma group (4.68 vs.
6.99 s). The search accuracy of the young group was also much
higher (89 vs. 57%). The higher accuracy and faster search times
for the young scotoma group indicate that visual and oculomotor
functions under the condition of simulated CFL appear to be
much less compromised in young adults than in older adults. As a
result, contour enhancement does not confer any significant ad-
vantage in the young scotoma group. Like the old scotoma group,
there were no main effects of enhancement strength and content
type and no interaction effect of these two factors on accuracy (p �
0.05).

Compared with the young scotoma group, the average search
time of the young scotoma-free group was reduced by a factor of 3
(Fig. 6b), with a high search accuracy of 98% (Fig. 6a). Similar to
the scotoma group, we found no main effect of enhancement
strength on search time (F(2,24) � 2.33, p � 0.05) and no signifi-
cant preference of the Medium enhancement over the Original
(t(38) � 0.53, p � 0.05).

Despite the lack of enhancement effect on search performance
for the young scotoma group, there was a significant effect on
preference in a direction that is consistent with the results from the
old scotoma group (Fig. 7). The young scotoma group preferred
the Medium strength enhancement over the Original (t(38) �
4.48, p � 0.01); they also preferred the Original over the High
enhancement (t(38) � �4.34, p � 0.01). Between the two en-
hancement levels, the young scotoma group preferred the Medium
over the High enhancement (F(1,12) � 99.81, p � 0.01). As with
the old scotoma group, there was no interaction between enhance-
ment strength and content type (F(2,24) � 0.36, p � 0.05). It is
noteworthy that the amplitudes in preference for the enhanced
images (Medium or High strength) were less than those of the
older group by roughly a factor of 2. In other words, the range
of preference was compressed in the younger group. Consistent
with the scotoma group, the scotoma-free group also disfavored
the High enhancement over either the Original (t(38) � �5.99,
p � 0.01) or Medium enhancement (F(1,12) � 23.44, p � 0.01;
Fig. 7).

Relationship between Preference and Visual
Search Performance

A reliable correlation between preference and performance
would allow a fast screening of enhancement methods via the
simpler preference measurement. This would facilitate the develop-
ment and testing of image enhancement technologies. We per-
formed a correlation analysis between log relative search time and
log preference. For this analysis, we normalized the search time of
each subject relative to the subject’s search time with the Original.
Using relative (as opposed to absolute) search time reduced the
influence of individual variance. We then correlated the mean of
the log relative search time of each group (the old and young
scotoma groups) with the mean of the log preference ratings (rel-
ative to the Original) of the corresponding group (Fig. 8) for all

FIGURE 5.
Preference (penhanced/poriginal) as a function of enhancement strength for
older adults. The horizontal dashed line indicates no preference between
Original and an enhanced version. Closed circles indicate the average
preference values across three content types from the scotoma group, and
open circles indicate the data from the scotoma-free group. **Statistical
significance at family-wise � � 0.01, after correcting for multiple
comparisons.
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three content types. The correlation between log preference and
log relative search time was moderately high (r � �0.68, p �
0.05). It is noteworthy that compared with indoor scenes and
object collections, the face content type showed a relatively poor
correlation between the two dimensions, suggesting a great deal of
variability in subjects’ responses to the face content type.

DISCUSSION

Using a simulated central scotoma, we examined the effects
of the contour enhancement on both visual search performance
and preference. We found that contour enhancement of modest

FIGURE 6.
(a) Search accuracy (percent correct) as a function of enhancement strength for young adults; (b) search time as a function of enhancement strength.
Closed circles indicate the average accuracy and search time values across three content types from the scotoma group. Open circles indicate the data
from the scotoma-free group. Error bars indicate 	1 standard error of the mean.

FIGURE 7.
Preference (penhanced/poriginal) as a function of enhancement strength for
young adults. The horizontal dashed line indicates no preference between
Original and an enhanced version.

FIGURE 8.
Log relative search time vs. log preference. Each data point represents the
group averages of log relative search time and log preference for each
enhancement strength (Medium or High) obtained from each content type
and age-group. The closed and open symbols indicate Medium and High
strength, respectively. The circle, square, and diamond symbols represent
face, indoor scene, and object collection content type, respectively. Different
subject groups are represented by the size of the symbols: the large size for the
old scotoma group and the small size for the young scotoma group.
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strength benefited older adults but not young adults. We
further examined the relationship between task-specific subjec-
tive preference and objective visual search performance with
groups of age-matched subjects. We found a significant corre-
lation between visual search performance and task-specific
preference.

Aging and the Effects of Contour Enhancement

With the Medium strength of contour enhancement, there was
a substantial (13%) reduction in search time for the older adults
under the condition of simulated central scotoma, and this
speedup was accomplished without any reduction in accuracy. In
contrast, we found no evidence in young adults for any advantage
of contour enhancement in the same condition. Several causes may
underlie this age difference.

When forced to rely solely on their peripheral vision for a visual
search task, both young and older adults performed poorly com-
pared with their age-matched control groups (i.e., foveal-viewing
condition). Both visual and oculomotor factors may be responsi-
ble: object recognition is harder in the periphery, and so are main-
taining fixation and targeting saccades without central vision. The
substantial differences in performance between the young and
older groups with simulated central scotoma imply that age has an
effect on these factors, and contour enhancement can also have
differential effects on them.

Contrast sensitivity decreases with aging. The decline of con-
trast sensitivity is more pronounced at medium and high spatial
frequencies in both central25–28 and peripheral vision.29 In natural
images, these medium and high spatial frequencies are important
for defining a shape with edges and contours, and are important for
rapid recognition of objects and scenes.30–33 Age-dependent defi-
cits in the sensitivities for these frequencies can degrade and slow
down object recognition. The effect can be more pronounced in
peripheral vision, where the sensitivities for these frequencies are
lower than in central vision to begin with. The effect can be further
amplified in older adults owing to an age-dependent loss in the
oculomotor control that is necessary for adapting to peripheral

viewing without central vision. Our results suggest that boosting
the contrast of shape-defining contours facilitates visual search for
older adults in their peripheral vision. For young adults, the ben-
efits of the enhancement in their peripheral vision may be marginal
in the presence of a more capable oculomotor system.

This age difference in peripheral vision was also evident in
preference. We found that the Medium enhancement was
strongly preferred over the Original in both older and young
adults, but more so in the older than the young adults (en-
hanced images were seven times more likely to be chosen over
the Original in older adults, compared with approximately
three times more likely in young adults). For central vision,
neither age-group showed any significant effect of enhancement
on preference (or search time).

The peripheral visual search performance is greatly compro-
mised in older adults compared with when foveal vision is avail-
able. The older adults showed low accuracy (about 60%) for the
peripheral search task, whereas the corresponding age-matched
scotoma-free group maintained a high level of accuracy (about
95%), comparable with the young adults. Some of the target ob-
jects might have been too small to be reliably distinguished in the
periphery for older adults, even with significant contour enhance-
ment. Our target objects ranged from 0.8 to 9.8° in size. We
observed that older adults tend to miss out more often on those
small target objects.

Oculomotor control such as maintaining stable fixations and
making precise saccades is necessary for reliable pattern recogni-
tion. The older adults apparently have more difficulty in adapting
oculomotor control for peripheral viewing (during the short adap-
tation time) than young adults, resulting in poor peripheral search
performance for the old scotoma group. Our eye movement data in
the simulated scotoma condition showed that the older adults
tended to look back to the search target (Fig. 9a, b) much more
often than the young adults. This may indicate an age-dependent
decline in oculomotor control, peripheral vision, and/or working
memory.

FIGURE 9.
Example eye-movement patterns during the visual search task (solid red lines) for (a) an older adult and (b) a young adult. Data were from the scotoma
condition in both cases.
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Linking Preference to Performance

Our results showed that there is a high correlation between
task-specific preference and visual search performance (r �
�0.68). Considering the fact that preference and visual search
performance were obtained from different groups of subjects, we
conclude that this relationship between preference and perfor-
mance is robust. To our knowledge, this is the first evidence sup-
porting any linkage between subjective preference and objective
visual performance using a between-subject comparison. It is im-
portant to note that our subjects were not asked to make a generic
preference ranking, in the sense of “like” vs. “dislike.” Instead, they
were asked to judge, without performing the task, which image
would lead to better performance in a search task. Hence, the
preference was essentially a subjective prediction of performance
(i.e., task-specific preference). Our result shows that subject can
make this prediction reasonably well, a finding which cannot be
trivially explained. Subjects could not rehearse the search task to
make the preference judgment because a search target was not
presented. Moreover, the two images to be compared in a trial were
identical except for the strength of enhancement. Any attempt to
rehearse a task on one will interfere with a similar attempt on the
other. At this point, an exact reason for the observed correlation
between preference and performance is not known.

The relationship between subjective self-report and objectively
measured performance has been reported in previous studies on
cataract patients. They found that patients’ perceived visual dis-
ability correlates with their objective glare disability and contrast
sensitivity scores.34,35 Such a correlation between subjectively pre-
dicted levels of performance and actual performance holds promise
for rapid screening of image enhancement technologies because
preference ratings are much easier to obtain than performance
measurements. Whether our results can be generalized to other
types of visual performance tasks remains to be tested.

Tools for Evaluating the Benefits of the Image
Enhancement Technologies

There is currently no reliable battery of tests for evaluating low-
vision aids with complex visual stimuli and in tasks that are relevant
to daily living. The visual search task described in the current study
provides a useful tool to probe visual functions such as object
recognition and localization in clutter. It allows us to assess the
effect of image enhancement on visual search performance with
and without contextual guidance. Contextual information can be
useful for guiding visual search (e.g., a cup is likely to be on a table).
This context-guided search is common and ecologically signifi-
cant. In the current study, the usefulness of context varied greatly
across content types. There is a considerable contextual effect for
the indoor scenes because most of the search targets appeared in the
expected locations (e.g., a book on the bookshelf, a lamp on a
stand). In contrast, the other two content types—object collec-
tions (finding an object in an ensemble of real objects) and faces
(finding a target face in a group photo)—do not bear any strong
contextual effect. We found no main effect or interactions due to
content type.

The current study simulated only one scotoma. It was approxi-
mately circular and 10° in diameter, large enough to ensure occlusion
of the foveal vision. Whether our main findings are generalizable to

simulated scotomas of other sizes and shapes is an important ques-
tion. Changing shape and size of the scotoma will likely affect the
effect of image enhancement on visual performance. Now that we
had obtained a robust effect, it will be feasible to investigate the
variants of simulated scotoma in the future.

Using the same set of images and same method of image en-
hancement, Satgunam et al.36 measured preference and visual
search performance in individuals with a range of visual impair-
ments that affected their central vision (AMD, juvenile macular
degeneration, glaucoma, myopic degeneration, and others). Their
results on preference were similar to ours. In general, subjects pre-
ferred enhancements of Low (a condition we did not test) and
Medium strength but rejected High-strength enhancement, con-
sistent with early results.37 However, they found no overall im-
provement of search performance with image enhancement. Sig-
nificant methodological differences and a heterogeneous patient
population used in the study by Satgunam et al.36 may account for
the difference in the effect of image enhancement on visual search
performance. Among the 24 patients tested by Satgunam et al.,
three had peripheral deficits in addition to the central vision loss,
and not every patient had a complete central scotoma. For this
subset of patients, an absolute artificial central scotoma, as used in
our study, is not an adequate model. Moreover, only half the
subjects in the study by Satgunam et al. were older adults. Given
that the effect of enhancement on search performance we found
was primarily for older adults, it is not surprising that Satgunam et
al. found no overall effect on search performance. Lastly, there are
some obvious methodological differences between the two studies,
such as the size of the stimuli (40 vs. 55°), display brightness (90 vs.
350 cd/m2), and the way to measure response time on visual search
(search time measure via key press vs. response time measure via
pointing to a target). It is worth noting that in the study by Satgu-
nam et al., six of the seven subjects who were in a narrow range of
mid-contrast sensitivity performed better with Medium enhance-
ment, and five of these seven also preferred images enhanced at
Medium strength. Citing data on normal peripheral contrast sen-
sitivity, Satgunam et al. suggested that our subjects with the
simulated scotoma of 10° in diameter would have contrast sen-
sitivity within the same range. In general, the discrepancies
between the results of these two studies illustrate the difficulty
of translating from an idealized testing condition to a hetero-
geneous patient population. More studies are needed to deter-
mine whether our results with simulated central scotoma
generalize to older adults with central vision loss.

CONCLUSIONS

In summary, our results show that a moderate level of contour
enhancement facilitated visual search performance for older adults
with simulated CFL. For the same age-group, a strong subjective
preference was also found for moderately enhanced images. To a
large extent, the improvement in search time due to a specific
strength of enhancement can be predicted from the task-specific
preference to the same enhancement, assessed independently with
a different group of subjects. This correlation between perfor-
mance and preference is evident across age-groups.
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