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Abstract

Purpose: The influence of background attenuation on the spatial frequency
bandwidth requirements for image recognition was assessed in normal young
and older groups and in a group with age-related macular degeneration
(AMD). Bandwidth requirements were also assessed in the visual periphery of
young normal observers.

Methods: In Experiment 1, each observer was presented with 20 series of
images. Each series consisted of a sequence of progressively low-pass filtered
images, presented in an order of increasing bandwidth, i.e., according to an
ascending method of limits. For half of the series, the background of the base
image was selectively darkened by 80% of its original luminance. Three mea-
sures were analyzed: (1) the critical bandwidth defined as the bandwidth in
cycles/image (cpi) at which 50% of the images were recognized, (2) the mini-
mal bandwidth, defined as the minimal bandwidth at which images were recog-
nized and (3) the proportion of images recognized at full bandwidth. In
Experiment 2, young normal observers were similarly tested in central vision
and at 5.5° eccentricity (superior or inferior visual field). A third background
attenuation condition was included, as well, in which the background was
low-pass filtered.

Results: The critical bandwidth for image recognition was significantly reduced
by darkening the image background for normal young and old and the AMD
groups. This improvement was found to be contrast dependent for the dark-
ened background. In addition, AMD observers tended to recognize more
images at full bandwidth if the background was darkened. For normal young
observers, making the background low-pass was ineffective in lowering the crit-
ical bandwidth in the fovea. Fewer images were recognized at full bandwidth at
5.5° eccentricity for a low-pass background and marginally fewer for a dark-
ened background.

Conclusions: Selective attenuation of the image background can lead to reduc-
tions in the bandwidth requirements for image recognition in AMD. However,
performance of young normal observers for images presented in the periphery
was unlike AMD performance under the conditions investigated. These results
have interesting implications for the design of image enhancement algorithms
to aid low vision observers.
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Introduction

Age-Related Macular Degeneration (AMD) is one of the
principal causes of vision loss in industrialized nations for
people over 65 years old."* AMD can be a debilitating
pathology, resulting in a central visual field defect that
entails visual acuity and contrast sensitivity losses. Visual
performance on tasks necessary for daily living, such as
reading,” writing and recognition of faces and objects,” is
often severely impaired; in addition, the risk for falls is
significantly increased.’

Current treatments attempt to stabilize the evolution of
AMD,*” but typically cannot restore full visual function.
Indeed, there are several forms of AMD, not all of which
are susceptible to the same treatments. Rehabilitation
procedures aim at improving visual performance on daily
living tasks.*” Numerous approaches are under develop-
ment, including re-training of fixation strategies to exploit
retinal regions less affected by the pathology and the use
of optical and opto-electronic devices to render text and
images easier to process."'> Much of the research has
focussed specifically on characterizing and improving
reading performance'® although a few studies have
considered other visual tasks.” 772

Two recent studies suggest that object recognition per-
formance is enhanced in AMD observers when contextual
information is suppressed.'®*' Mazoyer et al.'® reported
that patients with AMD required nearly twice as much
bandwidth to recognize photographs of objects in a natu-
ral scene than for line drawings or images of isolated
objects on a white background. It was hypothesized that
the added bandwidth requirement for photographs
reflected a deficit in figure/ground separation, possibly
related to lower resolution® and greater contour interac-
tion (or crowding)**~* in the peripheral visual field, the
region of the visual field with which such patients are
obliged to view the world. Boucart et al.*' arrived at simi-
lar conclusions based on experiments that showed that
AMD observers could classify images of isolated objects
as animal or face more rapidly and more accurately than
when presented with a context.

Potentially, these observations have important conse-
quences for image processing approaches that seek to
enhance images for low vision observers. Most techniques
proposed treat the image uniformly, the same computa-
tions being performed over the whole image irrespective
of whether a particular region corresponds to a part of
the object or the background.”® Thus, information attenu-
ated (enhanced) from objects in the image is also attenu-
ated (enhanced) from the background. A deficit of figure/
ground processing, however, would suggest that selective
attenuation of background information would be prefera-
ble to render images more easily recognized by AMD
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patients. Some recent image segmentation algorithms®”**

and low vision devices incorporating them,?”° in fact,
move in this direction.

Minimal (or critical) bandwidth for recognition has
already provided a useful measure of performance and
information processing on diverse tasks.>”'> Our goal
was to examine further the effect of background attenu-
ation on the bandwidth for image recognition in macu-
lar pathology. Specifically, we sought to test if the
bandwidth advantage for segmented images is specific
to observers with AMD or if the phenomenon can also
be demonstrated in the central vision of young and
older observers. In addition, we tested whether this
phenomenon is present in the normal peripheral visual

field.

Methods

Observers

The research followed the tenets of the Declaration of
Helsinki, and informed consent was obtained from all
participants in the studies described herein. Two experi-
ments were performed. In the first one, three groups were
tested, normal young, normal aged and AMD observers.
Thirteen normal young adults (mean age £ S.D.:
25.3 £ 3.2 years) and 20 older adults (mean age £ S.D.:
72.4 £ 7.7 years) comprised the two groups with normal
central visual fields. Fourteen patients diagnosed with
advanced bilateral AMD (mean age £ S.D.. 819 =+
5.4 years; age >60 years) also participated. The AMD
patients’ visual acuity in the best eye was inferior to 0.4
logMAR (mean acuity + S.D.: 0.82 + 0.3). Visual field
alterations, scotoma and isopters were measured by Gold-
mann dynamic perimetry. Patients included presented
with either neo-vascular or with atrophic AMD but no
other causes of low visual acuity. The young groups were
tested in the laboratory and the older and AMD groups
in an ophthalmology office. Their summary characteristics
are shown in Table 1. In four cases, the participating cli-
nicians did not record the scotoma type and in two, the
AMD type. These characteristics are noted as not available
(NA). In the second experiment, 10 normal, young
observers participated (mean age = S.D.. 258 + 4.5
years).

Stimuli

All stimuli were presented on a 21" television monitor
(Vision Master 502, liyama; http://www.iiyama.com/).
The luminance/grey level relation was calibrated with a
spectrophotometer (Minolta CS100) and characterized by
adjusting the parameters k and y to the calibration data
by a least-squares fit of the equation

204 Ophthalmic & Physiological Optics 31 (2011) 203-215 © 2011 The College of Optometrists



C Bordier et al.

Table 1. Patient summary information

Patient Eye Acuity Reading Scotoma AMD
ID tested (logMAR) (words min~') type type
1 R 1.0 0 Rel NV
2 R 0.7 36 NA AT
3 L 1.1 14 NA NA
4 R 0.6 47 Rel NV
5 L 0.4 54 NA NA
6 R 0.4 113 Rel AT
7 R 0.7 26 Abs NV
8 R 1.0 0 Abs NV
9 R 1.1 0 Abs NV
10 L 0.6 30 Rel NV
" R 0.7 33 Abs NV
12 L 1.3 24 Rel NV
13 R 0.7 13 NA AT
14 L 1.2 0 Abs NV

NA, data not available; Scotoma type: Abs, absolute; Rel, relative;
AMD type: NV, Neovascular; AT, Atrophic.

L(N) = Lo + kN7, (1)

where N is the gray level (0-255), L the measured
luminance in candelas per meter’ (cd m™?) and L, the

Image recognition in normal vision and AMD

luminance at 0 grey level. Based on this expression, all
image calculations were performed in the luminance
domain and subsequently back-transformed into gray
level for image display. The root mean square (rms) of
the luminance distribution for each image was calculated
by the formula

S - D)

n

rms —

: (2)

where L; is the luminance of the ith pixel, L the mean
luminance across the image of n pixels and was used as a
measure of global image contrast.

In the first experiment, 40 grey scale images (resolu-
tion: 256 X 256 pixels) were selected. The images were
photographs, each with a prominent object in the fore-
ground that was embedded in a background. The images
were of varied subject matter: animals, plants, sport
scenes, household objects, persons, etc. Four examples are
shown in Figure 1. A second group of 40 images was gen-
erated from the original set in which the background
luminance was selectively reduced (or darkened, see
Figure 2b), in order to render its details less salient and to

Figure 1. Examples of photos from the set used in this study, each with a prominent object in the foreground.
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Figure 2. Examples of the three background conditions tested. (a) unattenuated, (b) darkened, (c) low-pass.

heighten the contrast with the object. Additionally, a
darkened background would be expected to produce less
contrast reduction from ocular stray light than a white or
grey one as used in previous studies.'"®*' Lowering the
mean luminance of the background, reduces its zero-fre-
quency component. This reduces the amplitudes of the
higher frequency components while leaving their contrasts
intact. This differs from the way in which high-pass filter-
ing is usually applied to images, in which the mean level
is subtracted before the filtering and added back in after-
wards, thus introducing a frequency dependent attenua-
tion of contrast.

This selective filtering was performed by first segment-
ing manually the image into object and background
images, using the GIMP software under linux (Red Hat
9) on a PC computer (HP Workstation x4000, dual pro-
cessor). Then, the luminance of the background image
was attenuated by 80%, after which this modified back-
ground was recombined with the unmodified object
image. Image processing was performed using Matlab 6.5
(The MathWorks; http://www.mathworks.com).

For 15 of the 40 images, the mean luminance of the
object was lower than that of the background in the origi-
nal image. After darkening, the background luminance

4 4132

8 8v/2

16 16/2

was lower than that of the object in all 40 images. In
other words, the darkened background reversed the
figure/ground luminance contrast in these cases.

The 80 images [40 original (O) and 40 darkened (D)],
were divided among 4 sets of 20 images (10 O/10 D) so that
each individual saw 20 different images, half of each type.
Whether an individual saw an image of a particular object
as O or D was randomized across observers to ensure that
differences in intrinsic difficulty between images would not
bias the results. For each of the 80 images, a series of 9 pro-
gressively low-pass (Gaussian) filtered images was gener-
ated. Bandwidth of the images was defined as the spatial
frequency at which the filter’s transfer function drops to
e”'. Thus, for each image of an object, we created a 10
image sequence of bandwidths ranging from 4 to 64 cpi in
half octave steps plus the full bandwidth image. Example
sequences for unattenuated and darkened background
images are shown in the top two rows of Figure 3.

In the second experiment, observers were tested in cen-
tral and peripheral vision at 5.5° eccentricity. For the size
stimuli that we used, only an extreme edge of the image
crossed the fovea at this eccentricity. This eccentricity was
chosen based on the average distance of the nearest
healthy patch of retina in our patient sample, based on

G4 full

Figure 3. Top, bandwidth in cycles/image. First row image sequence, 10 bandwidths of images with an unattenuated background. Second row,
10 bandwidths of images with a darkened background. Bottom image sequence, 10 bandwidths of images with a low-pass background. Given
the resolution of the images, the full bandwidth condition is equivalent to a bandwidth of 128 cpi.
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Goldmann dynamic perimetry. Three background condi-
tions were tested, unattenuated (original image) and two
types of background attenuation. The background attenu-
ation could be darkened as in the first experiment or
low-pass filtered (L) (Figure 2c). The background attenua-
tion was performed in a similar fashion as described
above for the darkened condition. The low-pass back-
ground was obtained by filtering with a 2D isotropic
Gaussian of bandwidth 8 cpi.

A set of 60 images was filtered with both methods and
sets of 60 images (200/20D/20L) were created so that
each observer was presented with images of 60 different
objects but the background condition of each object was
randomized across observers. For each image and back-
ground, a series of progressively low-pass filtered images
was generated as in the first experiment. An example
bandwidth sequence for the low-pass background condi-
tion is also shown in Figure 3 in the bottom row.

Procedures

Each image presented was square, 11 cm on a side. The
observer was placed 57 cm from the display in an other-
wise dark room. At this distance, one side subtended 5.5°.
The background luminance of the screen was set at 65 cd
m~> with CIE 1931 xy chromaticity coordinates (0.29,
0.30). AMD was always binocular in the selected sample
of patients but testing was monocular, using the eye with
best acuity. Each bandwidth series, including the full-
bandwidth image was presented in an ascending method
of limits. For both experiments, the instructions were to
identify the image as early in the series as possible. If the
response was judged correct, the sequence was terminated
and a sequence with a new image begun. A response was
judged correct if the object was correctly named, for
example, ‘bateau a voiles’ for sailboat and not just
‘bateau’ (boat). The only case in which multiple names
arose is with the photo of the deer (Figure 1a) for which
the words ‘biche’, ‘faon’ or ‘daim’, all common terms to
describe a deer, were accepted as correct.

In Experiment 1, patients and controls (both young
and elderly) were allowed to view images for unlimited
duration with uncontrolled fixation. Twenty series, 10
each of natural and darkened background images, were
presented in random order.

In Experiment 2, display time and fixation were con-
trolled. The sequence of events for central and peripheral
viewing is shown in Figure 4. A fixation target composed
of a cross in a circle was displayed. At 400 ms the exterior
circle disappeared. Ten milliseconds later the fixation
cross disappeared, and an image appeared for 150 ms. In
the central viewing condition, the image was centered at
the fixation cross position. With peripheral viewing, the

Image recognition in normal vision and AMD
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Figure 4. Stimulus sequence of Experiment 2. Left, central presenta-
tion; right, peripheral presentation (superior or inferior). The square
box in the lower visual field in the right image is virtual and was not
present in the actual experiment.

image appeared randomly above or below the fixation
position at 5.5° eccentricity. The duration of the stimulus
was sufficiently short to preclude the programming of a
saccade to change fixation.

During a session of Experiment 2, images of all 60
objects were presented to the observer, 20 with an un-
attenuated background, 20 with a darkened background
and 20 with a low-pass background. As in the first experi-
ment, the image subsets, background condition and
eccentricity were counterbalanced across observers. The
session was divided into four sub-sessions with 15 image
sequences in each. The sub-sessions contained five
sequences from each background condition and were
assigned to foveal and peripheral viewing in an ABBA
design to control for effects of learning and fatigue. An
entire session lasted between 30 and 45 min.

Results

Experiment 1

The results were analyzed first by fitting a psychometric
function to the proportion of images identified as a func-
tion of bandwidth. This approach collapses the data
across images (but not condition) and allows estimation
of critical features, such as the critical bandwidth, bw,,
defined here as the bandwidth at which 50% of the
images were recognized and the proportion of unrecog-
nized images at full bandwidth. To take into account pos-
sible effects due to the images selected (item effects) and
their contrast, we also, performed analyses of the minimal
bandwidth at which each image was recognized, bw ;.

Critical bandwidth and proportion unrecognized.

For each condition, the number of images correctly iden-
tified was tabulated at each bandwidth tested. In general,
the proportion of images recognized increases with
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increasing bandwidth. Thus, this method of analysis yields
a psychometric function indicating the cumulative num-
ber of correctly identified images as a function of band-
width. The characteristics of the data were then
summarized by the parameters obtained after fitting an
analytic function using a maximum likelihood crite-
rion.”®*” For this purpose, we used a Weibull function
parameterized so that the critical bandwidth, as we have
defined it, was an explicitly estimated parameter,

20 (bw.

P(bw) = (1 - 6) <1 - e“"(?——m)(r»vf)ﬁ), (3)

where bw is the bandwidth in cpi, bw, the critical band-
width defined as the bandwidth at which 50% of the
images were recognized,  a steepness parameter, and
the proportion of unrecognized images at full bandwidth.
By taking the logarithmic term out of the exponent, this
expression can be simplified to,

b\

1 — 25) ()

(4)

P(bw) = (1-d)[ 1 (2_25

Example data from one observer from the AMD group
for two conditions with the fitted equations are shown in
Figure 5. We analyzed two parameters from the fitted
function, the critical bandwidth for image recognition,
bw,, and the proportion of unrecognized images at full
bandwidth, J. Note that our definition of critical band-
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Figure 5. Proportion of images recognized as a function of band-
width for one observer. The circles were obtained from images with
unattenuated backgrounds and the triangles for darkened back-
grounds. The solid and dashed curves indicate the maximum
likelihood fits of Equation 3 to each data set. The critical bandwidth,
bwc is defined as the bandwidth at which 50% of the images are rec-
ognized. The upper asymptote is parameterized by d, the proportion
of images not recognized at full bandwidth.
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width is with respect to the absolute number of image
sequences presented — the right side of Equation 4 equals
0.5 when bw = bw, — and not with respect to the upper
asymptote of the psychometric function, as would be the
case if the parameter ¢ did not figure in the argument of
the exponential in Equation 3. Given the large individual
differences in the upper asymptotes observed for the
AMD observers, it would be difficult to compare and
interpret the critical bandwidths defined in terms of a
criterion point on the psychometric function, itself.

To homogenize variance, a log transformation was
applied to the bw, estimates and a cube-root transforma-
tion to ¢ in subsequent statistical analyses, suggested by a
Box-Cox transformation®® and verified in subsequent
diagnostic plots of the fitted models. In some cases, a
patient recognized <50% of the images at full bandwidth,
which resulted in infinite estimates for bw, (the argument
of the logarithm becomes negative). We describe how we
treated these cases below. All fits and statistical analyses
were performed in the R statistical computing environ-
ment.”’

Figure 6a shows the average bw, and standard errors
for the unattenuated and darkened background images
for each of the three groups tested. The data were ana-
lyzed with a linear mixed-effects model in which subject
was treated as a random factor and type of background
was nested within group.*” A significant bandwidth differ-
ence was associated with the main effect of groups
(Fr37 = 59.9, p <0.0001) and with the type of back-
ground within each group (F;3; = 9.66, p < 0.0001).
Young normal observers required a lower bw, for image
recognition than older normal observers (t;; = —4.61,
p < 0.0001) who in turn required a lower bw, than the
AMD group (t3; = —7.93, p < 0.0001). For all three
groups, the images with darkened backgrounds were rec-
ognized at a lower bw, than those with unattenuated
backgrounds (young: t3; = —2.4, p = 0.02; older: t5; =
—2.45, p = 0.02; AMD: t3;, = —4.16, p = 0.0002).

For seven observers from the AMD group, the upper
asymptote was <50% for at least one image type. In these
cases bw, becomes infinite and is technically undefined.
The means and the analyses for the AMD group in
Figure 6a are from the seven observers who recognized
more than 50% of both types of images. The AMD data,
re-analyzed for all observers using a Wilcoxon signed rank
test with the undefined bw, values assigned to infinity,
still reveal a significant decrease in critical bandwidth for
images with a darkened background (T = 64, p < 0.01)
as, also, do the groups with a normal visual field, when
analyzed with this test (young: T = 80, p = 0.01; older:
T = 153, p = 0.03).

Figure 6b shows the average values of 0 and standard
errors for the unattenuated and darkened background

208 Ophthalmic & Physiological Optics 31 (2011) 203-215 © 2011 The College of Optometrists
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Figure 6. (a) Average critical bandwidth for original images with an unattenuated background and for images with a darkened background. The
error bars here and in subsequent images are standard errors. If not shown, then they are smaller than the symbols. The black circles are for the
young group, the grey symbols the older group and the white symbols the AMD group. (b) Proportion of images not recognized at full bandwidth
for both types of images. Note that the error bars are asymmetric. The data were analyzed on a cube root scale but have been transformed back
to their original scale to facilitate interpretation. Color scheme is the same as in adjacent figure (*p < 0.05, **p < 0.01, ***p < 0.001).

conditions for each experimental group. These data were
analyzed with the same model used to test bw, but with
the cube root of ¢ the response variable. A significant dif-
ference was found for the main effect of groups (F, 44 =
77.3, p < 0.0001) due to the difference between the AMD
and older groups (t;4 = 10.61, p < 0.0001). The differ-
ence between the young and older groups attained signifi-
cance, as well, (fy4 = 1.78, p = 0.04), even though the
differences are much smaller.

The main effect of background type within group was
not significant (Fs44 = 1.88, p = 0.66) even though a
greater number of darkened background images were rec-
ognized at full bandwidth by the AMD group. No signifi-
cant asymptote differences were obtained between
background types for the young and older groups, how-
ever (young: ty4 = 1.16, p = 0.13; old: ty4 = —0.06, p =
0.73).

Similar to the report by Mazoyer et al.,'"® AMD observ-
ers require a lower bw, to recognize images when the
background is attenuated. Here, we find a tendency to
recognize more images at full bandwidth on a darkened
background, though not a significant one. Young and
older observers with normal central fields also require a
lower bw, to recognize background-attenuated images,
but the effect is smaller. In general, both of these groups
require less bandwidth overall than the AMD observers
with the young group outperforming the older group.

The bw, improvement in the AMD group is interesting,
also, because none of the other covariates or factors in
Table 1 account for bw. and 6 estimates. Table 2 shows
the statistical results of adding one additional explanatory
variable (indicated in the first column) for the AMD
group. None of the additional variables produce a signifi-
cantly better fit of the model.

Table 2. Summary statistics for adding an explanatory variable.
Summary of conditional F-statistics and p-values obtained by adding a
factor or covariate from Table 7 as an explanatory variable to model
the effects of background type on critical bandwidth and proportion
of images unrecognized by AMD patients

bw, )

F p F p
LogMAR 0.91 0.38 0.60 0.47
Reading rate 1.03 0.35 0.32 0.59
Scotoma type 1.71 0.24 413 0.09
AMD type 2.83 0.14 0.67 0.44

The improvement due to background type in the AMD
observers is about 35%. Given the variability among the
AMD observers, this value is commensurate with the
average value of 50% reported by Mazoyer et al,'® and
for which the attenuated background was white instead of
being darkened.

Minimal bandwidth.

In the analyses in the previous section, the results from
all the images were combined to produce a psychometric
function from which performance measures were esti-
mated. Observed differences that might be due to the
intrinsic difficulty of recognizing a particular image or
the overall contrast of the image were, in a sense,
averaged over. The randomization of images over condi-
tions and observers would also tend to obviate the role of
such factors in the results, relegating their effects to the
error terms in the modeling of the data. However, if
instead of the critical bandwidth, we examine the lowest
bandwidth at which an image was recognized, bwy,;,, then

Ophthalmic & Physiological Optics 31 (2011) 203-215 © 2011 The College of Optometrists 209
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Figure 7. Minimal bandwidth for image recognition is plotted as a
function of rms contrast of images for each group and background
condition. The spacing on the ordinate is in terms of the inverse cube
root. The solid lines represent a local regression curve fit to the points
and the dashed lines are the best fitting linear regressions.

we can model such effects to determine their influence on
the results.

As with the previous analyses, we evaluated the statistic
under consideration with a Box—Cox transformation and
found that an inverse cube root provided the best vari-
ance stabilizing transformation of the dependent variable.
Figure 7 shows the minimal bandwidths for all images
and observers for each of the groups and conditions. The
ordinate spacing is in terms of the inverse cube root
transformation so that higher bandwidths are lower on
the scale. The rms contrasts of the images vary by a factor
of 3.5:1. The solid lines show a local regression curve fit
to the data and the dashed lines are the best-fitting linear
regression. The similarity of the two curves suggests that
there are no important nonlinearities in the relation
between bandwidth and image contrast. The curves sug-
gest that AMD observers required higher values bwp;,
than younger or older normal observers on average and
that a dependence of bandwidth on image contrast for
the darkened images might occur for the AMD group.

We fit a series of linear mixed-effects models
to describe these data. As fixed-effects, we included image
background manipulation and group as two- and
three-level factors, respectively, and the logarithm of the
rms contrast as a covariate. Observers and images were
treated as grouping factors for the random effects. We
initially evaluated the random effects in a model in which
all orders of interactions of the fixed-effects were retained.
Using likelihood ratio tests, we found that only random

intercepts  associated with the grouping factors
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needed to be retained and that random coefficients asso-
ciated with the rms contrast were unnecessary
(73 =0.07, p = 0.97). The variability associated with
images was six times greater than that associated with
observer differences. Turning to the fixed-effects, we
found that the three-way interaction between group,
background condition and the rms contrast was signifi-
cant (X% = 6.03, p = 0.049) so we retain a model with
all marginal terms. Examining the coefficients of the fitted
model, we find a significant dependence of bwy,;, on rms
contrast in the AMD group for darkened backgrounds
(to39 = —2.43, p = 0.016). This effect corresponds to the
negative slope apparent in the AMD/Darkened condition
of Figure 7. Lower rms contrast images require a lower
bandwidth for recognition when the background is dark-
ened. An inverse effect is observed in the young group
with observers requiring slightly lower bandwidths with
darkened backgrounds at higher rms (fy39 = 2.45, p =
0.016). Two other effects were significant. On average the
bWmin was lower when the background was darkened
(to39 = 3.24, p = 0.001) and, unsurprisingly, the AMD
group required higher bw,;, on unmodified backgrounds
(tg3o = —11.02, p < 0.001).

The results demonstrate that the bandwidth require-
ments for image recognition of AMD observers depend
on the rms contrast of images when the background is
darkened. Interestingly, however, the dependence was
such that their performance improved for images of lower
rms contrast. This behavior was inverse to that of young
normal observers whose bandwidth requirements dimin-
ished slightly at higher rms contrast. Higher rms contrast
implies greater variation in the pixels of an image but the
measure gives no information on the scale of variation.
Perhaps, such variation, if at the appropriate scale, could
interfere with or mask object recognition in low vision
observers.

Experiment 2

In the first experiment, observers with normal central
visual fields showed a modest but significant decrease in
critical bandwidth for recognition of images with a dark-
ened background while AMD observers displayed a larger
but contrast dependent effect. The central scotoma of the
AMD observers obliges them to process images in their
peripheral visual fields. It may be that characteristics
specific to peripheral vision exaggerate the difficulty of
separating figure from ground. While the lack of correla-
tion between the preceding results and patient acuity
argues against peripheral resolution losses™ as the limit-
ing factor, other factors cannot be excluded. If the band-
width advantage for background attenuated images is due
to characteristics of the peripheral visual field, then we
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would expect that normal observers, also, would display a
larger bandwidth advantage in the periphery for images
with an attenuated background. This hypothesis was eval-
uated on a group of young observers, tested in the fovea
and at 5.5° eccentricity and with two methods of back-
ground attenuation. In addition to the darkened back-
ground images, a low-pass filtered background was used.
This condition was motivated by the report of Webster et
al.*' that low-pass backgrounds make objects appear shar-
per, as if their high frequency spectra were amplified.
Indeed, observers sometimes remarked that the full band-
width object on a low-pass background, as in Figure 2c,
seems to stand out in depth.

Figure 8a shows the average bw, for foveal and periph-
eral presentation for each of the background conditions.
The white symbols indicate the images with an unattenu-
ated background, the gray the low-pass background and
the black the darkened background. The data were ana-
lyzed with a linear mixed-effects model*® in which the
factors type of background attenuation and eccentricity
were crossed fixed effects and observer was a random fac-
tor. As before, the Box—Cox transformation indicated that
we analyze the logarithm of the dependent variable.

The effect of background attenuation was significant
(F45 = 7.83, p =0.001). This is due to the darkened
background images in the fovea (ty5 = 2.15, p = 0.04)
and the periphery (t;5 = 3.35, p = 0.002), the low-pass
background providing a just significant bandwidth
advantage only in the periphery (t;5 = 2.02, p = 0.049).
The effect of eccentricity was not significant (F, 45 = 0.15,
p = 0.70), nor was the interaction with background type
(BackxEcc: F, 45 = 1.26, p = 0.29).

Figure 8b indicates the values of & for central and
peripheral viewing for the three background conditions.
The symbols refer to the same conditions as in the adja-
cent figure. Preliminary analyses showed the distribution
of these data to be highly skewed (Figure 9), which would
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invalidate the normality assumption in a linear mixed-
effects model. Even though the Box—Cox transformation
indicated that a logarithmic transformation would be
appropriate for these data, we opted for a more conserva-
tive approach by analyzing the data with a distribution-
free permutation test.*”*> The null hypothesis under
which the permutations are generated is that the §’s from
all six conditions arise from the same distribution. From
the original data, 200 permutations of these six values
were generated for each observer. Comparisons (con-
trasts) of interest were calculated on the permuted sets
from each observer (e.g., Foveal vs Peripheral presenta-
tion), which were then averaged across observers. The sig-
nificance level of a contrast was determined by the
proportion of times the average values from the permuted
sets were greater than the value from the original set. The
sampling schema that we used preserves the within-sub-
ject design of the experiment.

The data show an effect of eccentricity (p = 0.006)
which seems to be due to differential effects of back-
ground attenuation in the periphery. The effects of back-
ground type within eccentricity are significant in the
periphery for the comparison of the low-pass with the
unattenuated background (p = 0.004) and marginally so
for the comparison of darkened with the unattenuated
background in the periphery (p = 0.049). Neither of the
comparisons for foveal presentation were significant
(unattenuated/darkened p = 0.36, unattenuated/low-pass
p = 0.52).

Discussion

We observed a reduction in the bandwidth necessary for
image identification in AMD observers when the back-
ground was attenuated by lowering its luminance. The
improvement is unlikely to be due to an effect of memory
as none of the images were repeated for a given observer.
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Figure 8. (a) Average critical bandwidth for image recognition in central and peripheral (5.5°) viewing. The white circles correspond to an
unattenuated background, the grey circles a low-pass background and the black circles a darkened background. (b) Proportion of images not
recognized at full bandwidth for central and peripheral viewing. The color scheme is the same as in the adjacent figure.
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Figure 9. Histograms of the fitted parameter d, the proportion of images unrecognized, for each of three background conditions and eccentricity.

In a previous study in which observers were tested with
both novel and repeated images over several sessions, no
reduction in critical bandwidth was reported for the novel
images while a reduction was found for the repeated
ones.** This suggests, in addition, that there would be lit-
tle effect of learning. The improvement did depend on
the rms contrast of the images with a trend toward
greater improvement at lower rms values. An increase
found in the number of images recognized at full band-
width, however, was not significant. Observers with nor-
mal central vision showed similar but smaller bandwidth
reductions. Since they recognized nearly all of the images
at full bandwidth, however, no effect of the total number
of images was measurable.

The bandwidth of an image was defined by the half-
width at a criterion height of the Gaussian filter with
which the image was convolved. Different images, how-
ever, are not necessarily of equivalent difficulty and may
require more or less bandwidth for recognition. By
counterbalancing the images and the conditions across
observers, such differences would tend to average out.
Counter-balancing in this way controls for potential dif-
ferences in intrinsic difficulty of images between condi-
tions, a factor not explicitly controlled in previous
studies.

In addition, however, we also analyzed the minimal
bandwidth at which individual images were recognized.
This allowed us to include the images as a random item
effect and also to examine specific image characteristics,
here the rms contrast, as covariates. When this was done,
we observed that the observed improvement depended on
the rms contrast of the images in AMD but not in the

normal, aged group of observers. The young group also
showed a small contrast effect for images on darkened
backgrounds but it was in the opposite direction of AMD
observers with a small decrease in minimal bandwidth
with increased contrast. This result, then, concurs with a
previous study in which a significant correlation between
contrast sensitivity and critical bandwidth was observed.'®

Interestingly, the bandwidth improvements in the
AMD patients were not correlated with other measures of
visual function, such as visual acuity, reading rate, etc. It
is tempting to speculate that critical bandwidth for image
recognition, like that for letter recogni’[ion,31 reading,S’32
face recognition®** and recognition of simple 3D geo-
metric objects,” should be related, at least in part, to a
stage of object processing, rather than of just spatial stim-
ulus encoding.

In this study, young observers with a normal central
visual field required about 12 cpi for recognition of freely
viewed images with an unattenuated background. This
value was reduced to about 9.5 cpi when the background
was darkened. These values are similar to the bandwidths
required for face recognition®>** which have been
reported to range from 6 to 16 cycles/face but are greater
than those for recognition of simple 3D geometric
shapes®™ which are near 4 cycles/object. Letters, on the
other hand, require only an octave above their fundamen-
tal frequency for identification.”’ The higher bandwidth
requirements for object recognition may reflect the
greater complexity of the images as well as the larger
choice in the number of responses for this type of task.

The hypothesis that performance in the normal periph-
ery would be similar to that of AMD observers was not
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supported. Not only were the bandwidth effects equiva-
lent or less than those in the fovea, but fewer images were
recognized at full bandwidth for the background attenu-
ated images, which is the reverse of what was observed in
AMD. One could argue that if the images were presented
even more eccentrically, we might have observed effects
similar to those in AMD. For this to be true, the band-
width requirements for recognizing the images with an
unattenuated background would have to increase more
rapidly than for attenuated background images so as to
reverse the current trends. It should be noted that the
normal observers reported that at the eccentricities exam-
ined, the task was already quite difficult.

Another difference between the first and second experi-
ments is the short stimulus durations necessary to control
the eccentricity of presentation. The observers of the first
experiment were permitted unlimited viewing and uncon-
trolled fixation. These conditions were not sufficient,
however, to enable some AMD observers to identify every
image at full bandwidth. In contrast, at short durations,
only in the periphery were normal observers unable to
recognize all images at full bandwidth. Short durations
were used to prevent observers from making a saccadic
eye movement during stimulus presentation. Optimal
durations for recognition, however, depend on several
factors including task complexity, age and retinal eccen-
tricity.*>™* It is likely that with longer stimulus durations
more images would be recognized in the periphery. While
eccentricity dependent temporal processing differences
render it problematic to compare foveal and peripheral
results, they do not invalidate comparisons of the differ-
ent background conditions within eccentricity.

A recent study found shorter reaction times and a
higher percentage of isolated images recognized in AMD
observers with fixed, short-duration displays.21 Thus, it
does not seem likely that the selective improvement
observed for images with an attenuated background for
AMD observers compared to the results from the normal
periphery can be explained by the longer exploration time
available to them. An alternative explanation could require
positing a reorganization of the visual mechanisms in
their peripheral visual fields such as has been recently
proposed to explain differences in foveal and peripheral
grating summation in aging.”® Note, however, that AMD
observers performed more poorly than normal observers
under all conditions, possibly indicating evidence of
pathology in the periphery or less efficient use of periph-
eral vision.**”!

To our surprise, the performance on the low-pass back-
grounds was inferior to that for darkened or unattenuated
backgrounds in that fewer images were recognized at full
bandwidth in the normal periphery, although they were
recognized at slightly lower bandwidth. Perhaps, the

Image recognition in normal vision and AMD

bandwidth of the background was too high so that it was
not sufficiently different from that of the object in the
image. Lowering the background bandwidth would bring
it closer to a condition of a gray background at the mean
luminance. The inferiority of this condition suggests that
the benefits accrued from the darkened and white back-
ground conditions'® are due to the heightened contrast
generated between the figure and ground in these images.
This does not mean that it is sufficient to increase the
contrast globally in an image to render it more recogniz-
able for low vision observers, since doing so will affect
both the figure and the ground and, in fact, seems possi-
bly to interfere with the bandwidth requirements here.
On the contrary, our results suggest that selective increase
of the contrast of the object in the image with respect to
the background renders these images easier to identify by
observers with AMD. In order for such methods to be
implemented, it will require image processing techniques
that are capable of pre-segmenting an object from the
background. It would be of interest to explore whether
other methods that differentially affect image foreground
and background characteristics would be equally or more
effective for low vision obsevers.

Unfortunately, the current state of the art in image seg-
mentation is not sufficiently advanced to implement such
an algorithm in real-time. Some progress has been made
in determining what parts of an image are likely to be
salient to an observer, as defined by frequency of explora-
tion by eye movements.”>>* However, the most salient
part of an image may not necessarily contain the object
of interest to an observer. In addition, how might regions
be selected when multiple objects are present? It would
seem that some sort of interaction with the attentional
mechanisms of an observer would be necessary.”® Issues
related to partial occlusion of objects, shadow and illumi-
nation will have to be resolved, as well.

We feel that the value of our finding is in drawing
attention to the possibility that processing beyond early
vision may need to be incorporated into understanding
the coding deficits in AMD. In addition, even if a real-
time application is not currently practicable, it would still
be feasible to enhance static images, as we have done,
meant for low vision observers, e.g., for brochures or large
print books. Finally, it is possible that even though the
improvements that we observe seem modest, they could
be quite significant for an observer with impaired vision.
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