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In order to test a model of peripheral vision, various contrast sensitivity functions (CSF’s) and fundamental
eccentricity constants (FEC’s) [see J. Opt. Soc. Am. A 8, 1762 (1991)] were applied to real-world, wide-field
(6.4°–32° eccentricity) images. The FEC is used to model the change in contrast sensitivity as a function of
retinal eccentricity. The processed test images were tested perceptually by determining the threshold FEC
for which the observers could discriminate the test images from the original image. It was expected that
higher CSF sensitivity would be associated with higher FEC’s; and in fact, for images processed with low-pass
(variable-window stimuli) CSF’s, the threshold FEC’s were larger for the higher-sensitivity (pattern-detection)
CSF than for the lower-sensitivity (orientation detection) CSF. When two higher-sensitivity CSF’s were com-
pared, the bandpass (constant-window stimuli) CSF resulted in essentially the same FEC threshold as did the
low-pass (variable-window stimuli) CSF. The fact that the FEC compensated for complex differences in the
form of the CSF suggested that the discrimination task was mediated by a limited range of spatial frequencies
over which the two CSF’s were similar. Image contrast was then varied in order to extend the range of spatial
frequencies tested. The FEC’s estimated with the lower-contrast test images were unchanged for test images
obtained with the high-sensitivity, bandpass CSF but increased for test images obtained with the high-
sensitivity, low-pass CSF. These results suggest that peripheral contrast sensitivity as used in the present
discrimination task is based on a high-sensitivity, bandpass CSF. The peripheral-vision model validated by
the present analysis has practical applications in the evaluation of wide-field simulator images as well as area-
of-interest or other foveating systems. © 2001 Optical Society of America

OCIS codes: 330.4060, 330.1800, 330.1880, 330.5000, 330.6100, 330.6110.
1. INTRODUCTION
Computational vision models have been used to predict
the discrimination and the appearance of images and
scenes in a variety of experimental contexts.1–7 One such
multiscale model of spatial vision was used to calculate lo-
cal band-limited contrast in complex images.8 This con-
trast measure along with the observers’ contrast sensitiv-
ity functions (CSF’s) were used to simulate the
appearance of images to observers with both normal8 and
low7 vision. Others have used variations of the concept
of local band-limited contrast for similar purposes.6,9,10

The local band-limited contrast model has also been used
along with the CSF measured at various retinal eccen-
tricities to simulate the appearance of images presented
in the visual periphery.11

Peli12 simulated the appearance of complex images us-
ing a local band-limited contrast model and demonstrated
the validity of the model for central (<2° eccentricity) vi-
sion. In that study, observers were asked to discriminate
an original image from a processed image that repre-
sented how the original would appear when viewed from
various distances. The distance at which discrimination
performance was at threshold was found to match the
simulated observation distance. Peli12 also determined
that CSF data obtained with 1-octave Gabor patches and
a detection task were the most appropriate for use in the
context of the tested vision model. In a recent study13
0740-3232/2001/020294-08$15.00 ©
these results were expanded by applying the same vision
model to versions of the same images that differed in con-
trast. In the present study we used a similar model to
test images that extended farther into the visual periph-
ery, and we used a similar testing method to evaluate the
discrimination of test images obtained with different
CSF’s. We also varied image contrast in order to test
each CSF over a wider range of spatial frequencies.

Spatial inhomogeneity, in the form of nonuniform pro-
cessing and nonuniform organization as a function of ec-
centricity, is a salient feature of the human visual system
and has been documented at various levels in the visual
pathway.14 Peli et al. showed that the changes in contrast
sensitivity across the retina might play an important role
in maintaining size (distance) invariance.11 The property
of the visual system that underlies the (suboptimal) in-
variance of perceived image contrast with changes in im-
age size—associated, for instance, with changes in image
distance—should be included in visual models. In par-
ticular, spatial nonuniformity cannot be ignored when a
model is applied to wide-field images.

In the present study we have used the pyramidal, local-
band-limited contrast model described previously,8,11 as
well as known variations in contrast sensitivity across the
visual field,11,15,16 to test a generalization of our model to
wide-field (6.4°–32°) images. The model, which incorpo-
rates changes in contrast sensitivity as a function of ec-
2001 Optical Society of America
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centricity, is based on the foveal CSF and a single addi-
tional parameter, the fundamental eccentricity constant
(FEC). The FEC is used to model the change in contrast
sensitivity as a function of retinal eccentricity.11 Specifi-
cally, the FEC is the slope of the function relating log con-
trast threshold to retinal eccentricity as measured with a
1 cycle per degree (c/deg) stimulus. For other spatial fre-
quencies, the slope of the function is the product of the
FEC and the spatial frequency. If this approach can be
validated, it would suggest that peripheral discrimination
of wide-field images could be modeled by using a very
simple measure of the change in contrast sensitivity with
retinal eccentricity. The purposes of the present study
were to determine whether a single eccentricity-
dependent parameter (i.e., the FEC) is sufficient to model
the spatial nonuniformity of the visual system and to de-
termine which of several CSF’s is most appropriate for
modeling the discrimination of complex, wide-field im-
ages.

2. METHODS
A. Observers
Six observers were tested, although not all under all ex-
perimental conditions. The observers ranged in age from
18 to 48 years and had uncorrected 20/20 vision as deter-
mined by a Snellen chart. The observers were paid for
their participation.

B. Stimulus and Apparatus

1. Test-Image Processing: General
Four test images were obtained from the left and right
halves of two digitized aerial photographs, one of an air-
port and the other of planes on the ground (see Fig. 1).
The details of the method used to process the test images
are given in Ref. 8, and the modifications used to process
the test images as a function of eccentricity are given in
Ref. 11. Briefly, a series of bandpass images was gener-
ated by processing an original image with the use of a se-
ries of nonoriented bandpass filters, each with a 1-octave
full bandwidth (half-amplitude) and separated by 1 oc-
tave. A series of low-pass images was then generated by
summing all of the bandpass images below each of the
bandpass levels. A series of local band-limited contrast
images was then obtained by dividing the value of each
point in each bandpass image by the value of the corre-
sponding point in the corresponding low-pass image.8

Next, a fixation locus was assigned at the center of the lo-
cal band-limited contrast image, and the distance from
the fixation locus was determined for each point in the
image. On the basis of that distance (in degrees) and of
the spatial frequency associated with each bandpass im-
age, a thresholded bandpass image was obtained by test-
ing each point in each local band-limited contrast image
against an appropriate threshold [see Eq. (1)] at that
point, to determine whether the point was visible. If the
point was found to be above threshold, the corresponding
point in the corresponding bandpass image was placed in
the thresholded bandpass image; if not, the corresponding
point was set to zero. Finally, the test images were gen-
erated by summing the thresholded bandpass images for
all bandpass levels.

In the present study, the criterion threshold referred to
above was based on the following peripheral-vision model:

T~u, f ! 5 T~0, f ! exp~FECuf !, (1)

where u is eccentricity, f is the radial spatial frequency in
cycles per degree, T(0, f ) is the foveal threshold [i.e., the
inverse of the functions shown in Fig. 2(a)], and FEC is
the fundamental eccentricity constant. Test images were
generated by using various criterion thresholds each ob-
tained from Eq. (1) with the use of one of three foveal CSF
data sets [see Fig. 2(a)] and one of seven FEC levels (see
below). The first CSF was based on the orientation dis-
crimination of horizontal and vertical 1-octave Gabor
patches (i.e., a sinusoid within a Gaussian aperture
whose width varied with spatial frequency). This CSF
has a relatively low peak sensitivity and is low-pass in
Fig. 1. Typical test stimuli used in the image discrimination study. The images shown here were obtained by applying (a) an FEC level
of 0.15 to the right side of the mirror-image pair derived from the right side of the planes image and (b) an FEC level of 0.20 to the left
side of the mirror-image pair derived from the left half of the airport image. Only the two highest FEC levels are depicted here since
lower levels are difficult to see in printed images.
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character, and so it has been designated low sensitivity/
low pass (LS/LP). This CSF was measured by Peli
et al.11 foveally and at various eccentricities and was
shown to fit the peripheral model with a single FEC
(0.048 and 0.058 for the two subjects). The second CSF
was obtained by using a pattern- (contrast-) detection
task and the same 1-octave Gabor patches mentioned
above. It has a relatively high peak sensitivity, is also
low pass, and has been designated high sensitivity/low
pass (HS/LP). The same stimuli and task were used to
measure the CSF at various retinal eccentricities by
Pointer and Hess,17 and the resulting data were well fit-
ted by a model with an FEC of 0.03. Peli12 also found
this same CSF to best represent image discrimination
performance foveally. Finally, the third CSF was based
on the pattern detection of sinusoid gratings within a 2°

Fig. 2. (a) The three CSF data sets used to produce the present
test images. The low sensitivity/lowpass (LS/LP) set was ob-
tained with Gabor stimuli in an orientation discrimination task.
The high sensitivity/low-pass (HS/LP) set was obtained with the
same stimuli in a contrast detection task. The high sensitivity/
bandpass (HS/BP) set was obtained with fixed-aperture grating
stimuli in a detection task. The HS/BP CSF was extrapolated to
lower frequencies by using a straight line of slope 0.5, and to
higher frequencies by extending the line segment connecting the
two highest-frequency points. The spatial frequencies corre-
sponding to the high-frequency extrapolation were not present in
the test images used here. (b) The HS/LP and LS/LP CSF’s and
a function that approximates a 1/f image amplitude spectrum
whose contrast, C, has been designated as 1.0 (see Section 4).
(c) The HS/BP and HS/LP CSF’s and a series of functions that
approximate relative 1/f amplitude spectra of images whose con-
trasts vary by the factors shown and that were used as test
stimuli in the present study (see Section 4).
square aperture.18 It has a relatively high peak sensitiv-
ity, is bandpass in character, and has been designated
high sensitivity/bandpass (HS/BP). This CSF was mea-
sured foveally and at various eccentricities by Cannon,18

and the data were also found by Peli et al.11 to fit the
single FEC (0.035) peripheral model well.

Whenever values outside the CSF measurement range
were needed to produce the test images, they were ex-
trapolated as shown in Fig. 2(a). The relationship be-
tween the characteristics of the various CSF’s and the
stimuli and psychophysical techniques used to obtain
them are summarized in Table 1. The FEC levels tested
were 0.02, 0.035, 0.055, 0.075, 0.10, 0.15, and 0.20.
These levels were selected to span the values of approxi-
mately 0.030–0.057 that had previously been found11 to
fit various peripheral CSF data sets from the literature.
The range was extended on the high side on the basis of
the results of pilot experiments.

2. Test-Image Processing: Contrast Experiments
In a second experiment, the contrast of the original test
images was varied so that the image amplitude spectra
could be made to intersect the CSF’s at various spatial
frequencies. The contrast of the test images was varied
by subtracting the mean luminance level from the image,
multiplying each pixel by the corresponding contrast fac-
tor (0.1, 0.3, 0.5, or 3.0), and then adding back the mean
luminance. (The 3.0 contrast image was saturated wher-
ever the dark or the bright values exceeded the dynamic
range of the display.) As a practical matter, this proce-
dure actually changes the amplitude of the images by a
fixed factor. This operation, in which the image dc value
is subtracted and the remaining values are scaled up or
down, is frequently referred to as a contrast change. As
was pointed out by Peli,8 however, the magnitude of the
changes in amplitude are equivalent to the changes in
contrast only when the local luminance is equal to the
mean luminance. Although the procedure used here
does not result in a uniform contrast change at all fre-
quencies and locations, it was sufficient to modify the test
images for the purposes of the present study. We use the
term contrast change here for consistency with previous
work.

Table 1. Sensitivity and Passband Characteristics
of the CSF’s Used to Process the Test Stimuli
of the Present Study, and the Psychophysical
Technique and Spatial Window of the Stimuli

Used to Obtain Those CSF’s

CSF Characteristics
Technique/Stimulus Window

Used to Obtain CSF

High Sensitivity/Bandpass
(HS/BP)

Pattern Detection/
Constant Window (Square-Wave)a

High Sensitivity/Low Pass
(HS/LP)

Pattern Detection/
Variable Window (Gaussian)b

Low Sensitivity/Low Pass
(LS/LP)

Orientation Detection/
Variable Window (Gaussian)c

a Ref. 18.
b Ref. 12.
c Refs. 11 and 23.



E. Peli and G. A. Geri Vol. 18, No. 2 /February 2001 /J. Opt. Soc. Am. A 297
3. Test Stimuli
Test stimuli (see Fig. 1) were obtained by pairing one half
of an unprocessed version of each original test half image
with a mirror image of itself, processed as described
above. The full test stimuli were 1024 3 1024 3 8 bits
and subtended 64° at a viewing distance of 1.2 m. The
central 12.8° of each stimulus, a 3.7° vertical strip be-
tween the two half-images, and the area outside of a 32°-
radius circle were replaced with a homogeneous field
whose luminance was equal to the mean luminance of the
stimulus images. Although these stimuli contained no
information above 8 c/deg, the size of the central mask en-
sured that the observer’s peripheral retina had to be used,
thus rendering the higher frequencies undetectable even
at high contrasts.

Because the test stimuli were obtained from test im-
ages that had been cut out to the above-stated dimensions
after they were processed, it was necessary to smooth the
edges to reduce spurious high spatial frequencies. The
edges (625 pixels) were smoothed by first subtracting the
mean luminance of the entire image from each pixel
value, multiplying the result by a cosine function (cen-
tered on the edge), and then adding back the mean lumi-
nance.

The mean luminance of the test stimuli was ;4 cd/m2.
The gray scale of each stimulus was linearized (i.e.,
gamma corrected) by use of a look-up table.

4. Apparatus
Stimuli were rear projected onto a large screen (Lumiglas
130, Stewart Film Screen Corp.) by using the green chan-
nel of a Barco Graphics 808s CRT projector. Owing to
the gain and other directional properties of the rear-
projection screen, there was a significant decrease in lu-
minance from the center to each edge of the stimuli. To
compensate for this, the gray-scale value of each interior
pixel was reduced by a factor that produced a match to
the luminance of a pixel of the same digital value at the
outer edge of the stimuli. Stimulus presentation and
data collection were controlled by an SGI Crimson work-
station. Observers were positioned in a chin- and head-
rest and responded by depressing either the left or the
right button on a mouse.

C. Testing Procedure
Before the first formal session, observers were shown sev-
eral stimulus images so that they could compare the pro-
cessed and the unprocessed halves of each. All sessions
began with 8–10 min of adaptation to a 64° 3 64°, ho-
mogeneous, mean-luminance field (with a dark, central
fixation point) just large enough to contain the circular
test image. The observer then initiated the session by
depressing the center mouse button. The first stimulus
image appeared after ;4 s, and the observer was asked to
respond, by depressing either the right or the left mouse
button, as to whether the right or the left half of the im-
age appeared more processed (i.e., blurred). Subsequent
stimuli were presented 3 s after each response. The
stimulus duration was 300 ms. The mean-luminance
adapting field and the fixation point were present when-
ever a stimulus image was not. Response feedback was
provided by a tone that was presented following each in-
correct response. The first two to five sessions were con-
sidered practice, with the exact number determined by
when detection performance had appeared to reach an as-
ymptote. The observer’s eye position was not monitored,
but the data from all observers were similar and were
consistent across sessions. In addition, there was no ad-
vantage in the context of the present task of not main-
taining fixation at the center of the image.

A total of 560 trials were run in each 1-hr session. The
560 trials corresponded to 10 presentations of each of 56
stimulus images (i.e., 4 original images 3 2 sides for the
standard 3 7 FEC levels) in random order. Thus for
each session forty responses were used to estimate a per-
cent correct for each image type (airport or planes) at
each of the seven FEC levels. Only one image set (LS/
LP, HS/BP, or HS/LP) was tested in each session.

D. Data Analysis
Each data point presented here is the mean of between
four and eight percent-correct estimates, each obtained
from a subset of forty responses within an individual ses-
sion. Two parameters, F and s, were estimated by fitting
the percent-correct data, plotted as a function of FEC
level, with a Weibull distribution19 of the form

P 5 100 2 50 expF2S FEC

F D sG , (2)

where P is the percentage of correct responses, FEC is the
fundamental eccentricity constant, the factor (100 2 50)
is the percent correct at the lower asymptote of the fitted
function, F is the FEC value corresponding to a percent
correct of 81.6, and s determines the steepness of the fit-
ted function.20

3. RESULTS
For comparison with the present data, we have repro-
duced in Fig. 3 preliminary results that have been previ-
ously reported.21,22 These data show the percentage of
correct discriminations as a function of the FEC level ap-
plied to one side of the test image. The upper graph of
Fig. 3 shows that the test stimuli based on the HS/BP and
HS/LP CSF’s resulted in different discrimination func-
tions. Similarly, as shown in the lower graph of Fig. 3,
different discrimination functions were found for the
planes and the city images. The planes image used in
the earlier study was identical to that used in the present
study [see Fig. 1(a)], whereas the city image was origi-
nally chosen to provide more homogeneously distributed
detail, and in that respect it differed somewhat from the
airport image of the present study. The two data sets in
each graph of Fig. 3 differ both in their threshold FEC
values (indicated by the dashed vertical lines) and in the
lower asymptotes of the functions fitted to the data.

Shown in Fig. 4 is a comparison of the discrimination
functions obtained in the present study for the two image
types. The individual data points in the figure are
means of eight percent-correct estimates: four obtained
with the HS/BP CSF and four obtained with the LS/LP
CSF. The images of the present study differed from
those used by Peli and Geri,21 and Peli22 in that the high-
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frequency residual (see Section 4) was removed and in
that the edges of the images were smoothed as described
earlier. The discrimination functions for the two images
are now much more similar than the comparable func-
tions shown in the lower graph of Fig. 3 (see Section 4),
although there remains a small difference at the higher
FEC levels. This difference was evident, however, for

Fig. 3. Preliminary results reported in Peli and Geri21 and
Peli.22 The smooth curves in the graph represent the best-
fitting, three-parameter Weibull function [i.e., not Eq. (2), since
the lower asymptote was estimated rather than fixed at 50%].
The data fall on the active part of the psychometric function, and
the FEC found is close to the prediction. However, the percent
correct is high even for the lowest FEC levels (top graph), and the
data display a clear image dependence (bottom graph). These
two aspects of the data are not in agreement with the predictions
of the vision model tested here.

Fig. 4. Discrimination data obtained with images from which
the HFR has been removed. The smooth curves correspond to
the best-fit, two-parameter Weibull function. The data are
means obtained over four observers under the high-sensitivity/
bandpass (HS/BP) and low-sensitivity/low-pass (LS/LP) condi-
tions. The error bars are 61 standard error of the mean (s.e.m.)
intervals.
only one of the four observers whose data were averaged
to produce the functions shown in Fig. 4.

Shown in Fig. 5(a) are the functions relating percent
correct to FEC level for test images produced with either
the HS/BP (circles) or the HS/LP (triangles) CSF func-
tions. These data represent averages for four observers.
The FEC level corresponding to 81.6 percent correct was
0.128 for the HS/BP data and 0.140 for the HS/LP data.
Analogous data comparing the results for the HS/LP and
the LS/LP CSF functions are shown in Fig. 5(b). The av-
erage threshold FEC level for the LS/LP data was esti-
mated to be 0.091. The HS/LP data were obtained for
three of the four observers from which the HS/BP and the
LS/LP data were obtained. In all cases, the FEC found in
our experiments was higher than the 0.030–0.057 value
we computed from a number of data sets published in the
literature, where grating targets on a uniform back-
ground were used.11

A further test of the present model was performed by
shifting the test-image amplitude spectrum such that it
intersected the CSF’s at points where their sensitivities
differed.13 The spectrum was shifted by the contrast
change procedure described in Section 2. The discrimi-
nation data are shown in Fig. 6 for test images whose am-
plitude spectra were scaled by factors of 0.1, 0.3, 1.0, and
3.0. The results for the original image [Contrast (C)
5 1.0) show little difference between the HS/LP and the
HS/BP conditions. The differences noted for other con-
trast levels are addressed in Subsection 4.B.2.

Fig. 5. Comparison of data from test images obtained with the
high-sensitivity/bandpass (HS/BP) and the high-sensitivity/low-
pass (HS/LP) (top graph) or the high-sensitivity/low-pass (HS/
LP) and low-sensitivity/low-pass (LS/LP) (bottom graph) CSF
functions. The smooth curves correspond to the best-fit, two-
parameter Weibull function. The data are means obtained over
four observers, and the error bars are 61 s.e.m. intervals.
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Fig. 6. Effect of image contrast on the threshold FEC level. Reducing the contrast of the test images increased the threshold FEC for
the images processed with the high-sensitivity/low-pass (HS/LP) CSF but not with the high-sensitivity/bandpass (HS/BP) CSF. The
error bars are 61 s.e.m. intervals.
4. DISCUSSION
A. Effects of the High-Frequency Residual
Our initial attempt to compare test images produced with
different CSF’s21,22 resulted in the unexpected finding of
greater than chance (i.e., 50%) discrimination even at the
lowest FEC levels (see Fig. 3, top graph). Such a result is
possible since even for an FEC of zero, the images are pro-
cessed with the foveal CSF [see Eq. (1)]. However, it
should be noted that for the lower FEC levels, the images
were processed so little that they were difficult to distin-
guish even when foveally examined side by side with un-
limited viewing time. We initially suspected that the
high level of discrimination in the periphery was related
to the time course of the presentation (200 ms, square-
wave window).23 However, changing the time course to a
500 ms Gaussian temporal window did not significantly
change the results.

Another aspect of our initial results was that the
planes test image was easier to discriminate from its
original than was a comparable version of the city test im-
age (see Fig. 3, lower graph). The present visual model
cannot account for this aspect of the data because it in-
cludes no image-dependent parameters. We have seen
similar effects in testing central vision.12 In that case, the
effects were attributed to an artifact due to the so-called
high-frequency residual (HFR), which was removed from
the test images but which remained in the original image.
The HFR is the set of spatial frequencies at the corners of
the square spatial frequency support, which are excluded
when only a circularly symmetrical filter is used.24 Peli12

found that removal of the HFR resulted in the elimination
of the image dependency as well as an improved perfor-
mance at various viewing distances. The data shown in
Fig. 4 were obtained from HS/BP and LS/LP images from
which the HFR had been removed. As noted above, the
data from only one observer showed consistent differences
for the two images used (airport versus planes). Further,
the differences for this one observer tended to appear only
for the more highly processed images (i.e., those with
higher FEC values), suggesting that the difference was
due to a criterion difference in judging the images rather
than to differences in threshold discrimination. The
same subject showed the same image dependence for the
data collected with the test images generated by using the
HS/LP CSF data.

B. Effects of the Model CSF on the Threshold FEC
Level

1. Validity and Limitations of the Testing Method
Peli et al.11 found that most peripheral CSF’s reported in
the literature could be represented with a foveal CSF and
an FEC of ;0.05. Therefore in our earlier studies21,22 as
well as in the present study a range of FEC’s was chosen
to span the 0.05 level. Nevertheless, it would not have
been surprising, with test stimuli obtained by using only
the foveal CSF and one eccentricity parameter, to find
that the test images associated with this range of FEC’s
were either all distinguishable or all indistinguishable
from the original. The finding that by varying a single
parameter of the model, the FEC, we can vary discrimi-
nation gradually from chance level to 100% confirms both
the validity of the model and the fundamental role of the
FEC in the discrimination of wide-field imagery. The
fact that wide-field test images obtained with various
foveal CSF’s are discriminated at different FEC levels ex-
tends to peripheral vision our previous findings12 regard-
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ing the sensitivity of both the model and the testing
method to small differences in the form of the model CSF.

The data of Fig. 5(b) show that, for all FEC levels, the
test images obtained with the HS/LP CSF were more dif-
ficult to distinguish from the original image than were the
test images obtained with the LS/LP CSF. This result is
consistent with the relative sensitivity of the HS/LP and
LS/LP CSF’s over the spatial-frequency range typical of
natural imagery [see Fig. 2(b)]. In applying the present
model [see Eq. (1)], image points that were below thresh-
old were processed (i.e., set to zero), whereas those above
threshold were not. As a result, applying the higher-
sensitivity (i.e., lower-threshold) HS/LP CSF resulted in
more above-threshold image points and hence less overall
processing and lower discrimination levels, as shown in
the data of Fig. 5(b).

Although the data of Fig. 5(b) suggest that overall con-
trast sensitivity is a relevant factor in determining the
discrimination of the wide-field images of the present
study, the foveal CSF’s used in the present study were
complete functions of contrast sensitivity in that they dif-
fered in bandpass characteristics (i.e., shape) as well as in
overall (maximal) sensitivity. For example, the HS/LP
CSF is low pass, whereas the HS/BP CSF is bandpass,
and in addition the two CSF’s show similar sensitivity
over only a restricted range of spatial frequencies while
diverging at both higher and lower spatial frequencies.
It might therefore be possible to determine more precisely
the spatial frequency band underlying the present data
by comparing the discrimination of images processed with
these two CSF’s. The data in Fig. 5(a) show that the test
stimuli obtained with the HS/LP and HS/BP CSF’s were
equally difficult to distinguish from the original image.
It appears, therefore, that in the context of the present vi-
sual model, the bandpass characteristic of the underlying
CSF is relatively unimportant. Further, the HS/LP and
HS/BP CSF’s converge at spatial frequencies from ap-
proximately 2–4 c/deg, suggesting that this frequency
range is responsible for mediating the differences in dis-
crimination that are evident in Fig. 5(b). Thus the image
spectrum designated with a contrast of one (C 5 1.0) is
illustrated in Fig. 2(c) to intersect the HS/LP and HS/BP
CSF’s where they intersect each other. Peli13 has also
noted that whereas the whole CSF is used to produce the
test stimuli, only a very narrow range of frequencies
(probably near the contrast sensitivity peak) is tested in
the image discrimination task.

2. Varying Image Contrast to Test the CSF’s at Various
Spatial Frequencies
As discussed above, the discrimination data of Fig. 5(a)
suggest that the portion of the image spectrum that was
used in the present discrimination task coincides with the
intersection of the HS/BP and HS/LP CSF’s. However,
there is nothing in the data of Fig. 5(a) that indepen-
dently determines the location of the image amplitude
spectrum relative to the CSF’s, nor could this be deter-
mined by directly measuring the amplitude spectrum.
As was noted above, the HS/LP and HS/BP CSF’s differ at
spatial frequencies below ;1 c/deg and above ;10 c/deg.
The discrimination data shown in Fig. 6 for the original
image (C 5 1.0) show little difference between the HS/LP
and HS/BP conditions. This result essentially replicates,
with a different set of observers, the previously obtained
data shown in Fig. 5(a). This finding is a further indica-
tion that the image amplitude spectrum intersects the
HS/LP and HS/BP CSF’s near the point where their sen-
sitivities are equal.

There was also little change in discrimination perfor-
mance when the contrast of the test images was increased
(Fig. 6, C 5 3.0). This can be explained by the fact that
the difference between the HS/LP and the HS/BP CSF’s is
relatively small at the point where they intersect the C
5 3.0 amplitude spectrum. Furthermore, both the spa-
tial frequency content of the test images (see Section 2)
and the sensitivity of the visual system at the eccentrici-
ties tested here (i.e., 6.4°–32°) are relatively low in the
spatial frequency range at or above where the C 5 3.0
amplitude spectrum intersects the HS/LP and HS/BP
CSF’s [see Fig. 2(c)].

Since the HS/LP CSF has a higher sensitivity than the
HS/BP CSF at lower spatial frequencies, which are tested
by low-contrast images, we might expect that a higher
FEC would be required for the HS/LP images to match
the original, unprocessed image. If this were the case,
we would predict that the FEC’s estimated from the
HS/LP and HS/BP test stimuli would diverge if images of
lower or higher contrast were used to test lower and
higher frequencies, respectively. The data of Fig. 6 are
consistent with this interpretation in that they show that
when the contrast of the test images was progressively re-
duced (C 5 0.3 and 0.1), the FEC estimated for the
HS/BP condition remained largely unchanged,25 whereas
the FEC estimated for the HS/LP condition progressively
increased. This finding suggests that peripheral sensi-
tivity is better represented by the HS/BP function than by
the HS/LP function, actually decreasing at lower spatial
frequencies, and is also consistent with the placement of
the amplitude spectra illustrated in Fig. 2(c), though we
have no direct way to determine that placement.

5. CONCLUSIONS AND IMPLICATIONS
Taken together, the results summarized in Figs. 5 and 6
indicate that a single, eccentricity-dependent parameter
(i.e., the FEC) is sufficient to model the spatial nonunifor-
mity of the visual system as it relates to the discrimina-
tion of complex, wide-field images. Further, the HS/BP
CSF was found to produce changes in the present test im-
ages, which resulted in FEC estimates that remained the
same for large changes in image contrast. This suggests
that the HS/BP CSF best characterizes the peripheral vi-
sual discrimination performance tested in the context of
the present visual model.

The HS/BP CSF was found to give the best fit to the
discrimination data of the present peripheral vision
study, whereas the HS/LP CSF best described perfor-
mance in the previous foveal study.12 This apparent in-
consistency can be explained by noting that there was
little or no overlap among the retinal spatial frequencies
that determined the results of the two studies. It is
likely that only low frequencies were tested in the present
study and that only high retinal frequencies were tested
in the previous foveal study. Although we have not con-
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firmed this directly, if it were indeed the case it would
mean that the CSF that accounts for the performance in
the discrimination task derives its low frequencies from
the HS/BP CSF and its high frequencies from the HS/LP
CSF.

All FEC’s found here are larger than those computed
from CSF’s measured directly at various retinal eccen-
tricities (see Table 1 in Ref. 11). This difference may be
due to crowding or lateral masking effects produced by
superimposed or adjacent image detail. Such effects may
result in a more rapid decline of detection performance as
retinal eccentricity is increased. Although such effects
were demonstrated in a number of letter acuity tests, we
are not aware of direct measurements of such lateral
masking for gratings or grating patches. However, Lau-
ritzen et al.26 found that Gabor patches require higher
contrast to be detected in image sections that contain
high-contrast information.

The vision model employed here produced images that
were discriminable in a way predictable from well-
established visual and perceptual data. It might there-
fore be expected that analogous models could be employed
to assess more general image properties such as perceived
image quality. In particular, the peripheral-vision model
suggested by the present analysis might be useful in
evaluating wide-field simulator images as well as area-of-
interest, or other, foveating systems. Our technique
could be used, for example, to evaluate and calibrate the
foveation software developed by Geisler and Perry.27
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