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There is conflicting evidence about whether stimulus magnification is sufficient to equate the discrimi-
nability of point-light walkers across the visual field. We measured the accuracy with which observers
could report the directions of point-light walkers moving ±4� from the line of sight, and the accuracy with
which they could identify five different point-light walkers. In both cases accuracy was measured over a
sevenfold range of sizes at eccentricities from 0� to 16� in the right visual field. In most cases observers
(N = 6) achieved 100% accuracy at the largest stimulus sizes (20� height) at all eccentricities. In both tasks
the psychometric functions at each eccentricity were shifted versions of each other on a log-size axis.
Therefore, by dividing stimulus size at each eccentricity (E) by an appropriate F = 1 + E/E2 (where E2 rep-
resents the eccentricity at which stimulus size must double to achieve equivalent-to-foveal performance)
all data could be fit with a single function. The average E2 value was .91 (SEM = .19, N = 6) in the walker-
direction discrimination task and 1.34 (SEM = .21, N = 6) in the walker identification task. We conclude
that size scaling is sufficient to equate discrimination and identification of point-light walkers across
the visual field.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

The decreased sensitivity to fine details in the visual periphery
is a prominent feature of visual experience. Such eccentricity-
dependent sensitivity losses may arise from many sources;
changes in cone and ganglion cell density, changes in cone size
and changes in the cortical magnification factor. However, it has
been amply demonstrated that appropriate stimulus magnification
can frequently compensate for eccentricity-dependent sensitivity
loss. Therefore, performance at some eccentricity (E) can be made
equal to that observed at fixation, for a stimulus of size S0, by set-
ting the size of the peripherally presented stimulus to a multiple
(FE) of the size of the foveal stimulus:

SE ¼ S0
�FE ð1Þ

Furthermore, it has long been observed that many spatial thresh-
olds increase linearly with eccentricity (Weymouth, 1958) and
hence

FE ¼ ð1þ E=E2Þ ð2Þ
ll rights reserved.

rants to Rick Gurnsey.
nnual meeting of the Vision

rnsey).
defines a linear function that specifies that magnification (FE) at
each eccentricity required to elicit performance equivalent to a fo-
veal standard (Levi, Klein, & Aitsebaomo, 1985). The free parameter
E2 indicates the eccentricity at which stimulus size must double to
elicit equivalent-to-foveal performance.1 Therefore, not only does
magnification compensate for eccentricity-dependent sensitivity
loss, but also the magnification is a linear function of eccentricity.

Over the years there have been claims that the fovea is qualita-
tively different from the periphery with respect to certain compu-
tations. For example, it has been argued that sensitivities to phase
relationships (Rentschler & Treutwein, 1985) and color contrast
(Mullen, Sakurai, & Chu, 2005) change qualitatively as stimuli are
moved into the periphery. Such claims are frequently countered
by evidence that with sufficient stimulus magnification (Barrett,
Morrill, & Whitaker, 2000; Vakrou, Whitaker, McGraw, & McKeefry,
2005) performance in these tasks can be equated across the visual
field. That is, the difference between fovea and periphery is quan-
titative rather than qualitative. So common are the successes of
stimulus magnification (Sally & Gurnsey, 2003, 2004, 2007; Vakrou
et al., 2005; Whitaker, Mäkelä, Rovamo, & Latham, 1992) that
apparent violations of this rule are noteworthy.

Ikeda, Blake, and Watanabe (2005) recently reported that stim-
ulus magnification was insufficient to equate the detection of
1 It’s worth pointing out that E2 is inversely related to the magnification needed at
any eccentricity.
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biological motion across the visual field, suggesting that the fovea
is specialized to encode biological motion. In their task participants
were presented with point-light actors (jumping, running, walking,
kicking, or throwing a ball) or scrambled versions of the same stim-
uli that did not elicit a percept of coherent biological motion. In a
two-interval forced-choice task subjects were to determine the
interval containing the unscrambled biological motion. Discrimi-
nation thresholds were obtained at a range of sizes (.5–16� visual
angle) and eccentricities (0�, 4�, and 12�). Thresholds were defined
in terms of the number of added noise dots needed to elicit 84%
correct detections. Ikeda et al. found that the maximum sensitivity
achieved at fixation was never reached in peripheral locations.
From this they concluded that perception of biological motion is
‘‘unscalably” poor in the periphery.

This conclusion contrasts with three other results in the liter-
ature (Gibson, Sadr, Troje, & Nakayama, 2005; Gurnsey, Poirier,
Bluett, & Leibov, 2006; Thompson, Hansen, Hess, & Troje, 2007).
First, Gibson et al. (2005) had subjects discriminate point-light
walker direction (±90� from the line of sight) at a range of sizes
and eccentricities (0–40�). Gibson et al. found that ceiling-level
performance was obtained at all eccentricities and that, on aver-
age, an E2 of 3.5 was sufficient to compensate for eccentricity-
dependent sensitivity loss (N = 4, estimated SEM = .147, 95% con-
fidence interval = 3.03–3.97). Second, Gurnsey et al. (2006) mea-
sured identification accuracy in a structure-from-motion task at
a range of sizes and eccentricities. They too found that ceiling-le-
vel performance was reached at all eccentricities. In this case an
average E2 value of .61� (N = 6, estimated SEM = .17, 95% confi-
dence interval = .42–.81) was sufficient to compensate for periph-
eral sensitivity loss. Gurnsey et al. argued that structure-from-
motion and biological motion likely engage many of the same
motion selective mechanisms and hence should scale similarly
with eccentricity. They suggested that the use of noise to limit
performance might explain the discrepancies between the results
of Ikeda et al. and those of Gibson et al. and Gurnsey et al. Con-
sistent with this suggestion Thompson et al. (2007) showed that
ceiling-level discrimination accuracy was obtained at 0 and 10�
eccentricity in a walker-direction discrimination task for stimuli
that were 7� in height (essentially replicating Gibson et al.). Fur-
thermore, when scrambled-walker noise was added to the stimuli
the peripherally presented stimulus showed impaired perfor-
mance at noise levels that did not affect foveally presented
stimuli.

The results of Gibson et al. (2005) and Thompson et al. (2007)
make it clear that under appropriate conditions foveal and periph-
eral performance can be matched, thus undermining the claim of
Ikeda et al. (2005) that size scaling cannot compensate for eccen-
tricity-dependent sensitivity loss in a biological motion task. Nev-
ertheless, there are a number of points that require further
examination. Gibson et al. (2005) and Thompson et al. (2007) used
a walker-direction discrimination task in which subjects were to
discriminate walker directions that were ±90� from the line of
sight. Although this is an extremely common task in the biological
motion literature, it fails to exploit the richness of the point-light
walker display. It is widely reported that subjects can extract a
great deal of information from point-light walker displays. For
example, several studies have shown that subjects can recognize
point-light walkers that portray a familiar person (Cutting &
Koslowski, 1977; Troje, Westhoff, & Lavrov, 2005; Westhoff & Tro-
je, 2007). In addition, subjects can extract attributes such the sex,
age, mental states, actions, and intentions of unfamiliar individuals
from point-light walkers (Barclay, Cutting, & Kozlowski, 1978;
Blakemore & Decety, 2001; Dittrich, Troscianko, Lea, & Morgan,
1996; Mather & Murdoch, 1994; Pollick, Paterson, Bruderlin, &
Sanford, 2001; Runeson, 1994; Troje, 2002a, 2002b). (See Blake &
Shiffrar, 2007 and Troje, 2008 for reviews.) In contrast the right–
left walker-direction discrimination task is a rather blunt instru-
ment with which to test sensitivity to biological motion.

It may be that a paradigm based on the discrimination of the
direction into which a profile view walker is facing does not tap
into the unique features of biological motion. For example, contrast
sensitivity (i.e., grating detection) can be measured by asking sub-
jects to discriminate gratings oriented ±45� from vertical; in this
case if one can detect the grating its orientation is also apparent.
Such a task clearly does not challenge orientation acuity and in a
similar way the right–left walker discrimination task performed
at the limits of detection may have little to do with sensitivity to
behaviorally relevant aspects of biological motion. In this context,
then, we note that Gibson et al. (2005) found an E2 of about 3.5
compensated for eccentricity-dependent sensitivity loss in the
right–left walker discrimination task; an E2 in this range is fre-
quently associated with detection tasks (Levi et al., 1985).

It should be noted also that in addition to using noise dots to
limit performance Ikeda et al. (2005) presented subjects with a ri-
cher set of biological motions than did Gibson et al. (2005) and
Thompson et al. (2007). Therefore, it might be argued that the main
difference between their experiment and those of Gibson et al. and
Thompson et al. is the complexity of the biological motions in
question and the difficulty of the task. It might be that more com-
plex judgments about biological motion displays do not scale with
eccentricity (as argued by Ikeda et al., 2005) or require substan-
tially more scaling than suggested by the results of Gibson et al.
(2005).

In the present study we addressed these questions. In two
experiments we presented biological motion stimuli at a range of
sizes and eccentricities in the right visual field. The first task was
a walker-direction discrimination task in which walker direction
was ±4� from the line of sight. This task is more challenging than
one in which walker directions are ±90� from the line of sight.
The second task required subjects to identify which of five different
walkers was presented on a given trial. We found that in both tasks
size scaling was sufficient to compensate for eccentricity-depen-
dent limitations and both produced E2 values well outside the
range of those typically associated with retinal limitations (Levi
et al., 1985).

2. Methods

2.1. Participants

The participants included three of the authors (RG, MO, GR),
two research assistants (P1 and P2) and an undergraduate volun-
teer (P3). The participants’ ages ranged from 20 to 54; there were
two women and four men. All participants had normal or cor-
rected-to-normal vision, as assessed by the Freiburg acuity test
(Bach, 1996) and all six took part in both experiments.

2.2. Apparatus

The experiments were conducted using an Intel MacPro Com-
puter equipped with a 21-in. multi-scan monitor with the refresh
rate set to 85 Hz. All aspects of stimulus generation, presentation
and data collection were under the control of MATLAB (Math-
works, Ltd.) and the Psychophysics Toolbox extensions (Brainard,
1997; Pelli, 1997). An adjustable chin rest was used to steady the
participant’s gaze. Participants responded on a wireless keyboard.
2.3. Stimuli

Point-light walkers were generated from the system first de-
scribed by Troje (2002a, 2002b) and further elaborated by Troje
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(2008). Starting with a Fourier-based representation of human
walking, the model encodes the first 20 principal components of
a data set representing 100 motion-captured walkers (50 male,
50 female). Here, we use a vector of 20 numbers (a), representing
the weights on the first 20 principle components, to synthesize a
unique walker. The three-dimensional (x, y, z) coordinates for each
of 15 points can be generated and projected (orthographically) to
the 2D monitor. If all elements of a are set to zero then a neutral,
average walker is generated representing the origin of ‘‘walker
space.” Any other vector can be viewed as a direction through
walker space and the length of the vector determines how different
the walker is from the average walker. A random direction in walk-
er space can be generated by drawing a sample of 20 random num-
bers. If a is such a vector then its length, and thus the
distinctiveness of the walker, can be varied by multiplying it by a
constant x.

Fig. 1 shows a single frame from a point-light walker sequence.
The fifteen dots representing each walker were rendered as Gauss-
ian blobs on a black background at 100% contrast. When the stim-
ulus size was 20� the standard deviation of each Gaussian blob was
.087� and at all other stimulus sizes the size of the blobs scaled
with the size of the stimulus. At the largest stimulus size, 20� of vi-
sual angle, the monitor was set to 800 horizontal pixels. For sizes,
10�, 5�, 2.5�, 1.25�, .625�, and .312�, the monitor was set to 1600
horizontal pixels by 1200 vertical. For sizes 20�, 10�, 5�, and 2.5�
the viewing distance was 57 cm from the screen. For sizes 1.25�,
.625�, and .312�, stimulus size on the screen was held constant
and retinal size was manipulated by increasing viewing distance
to 114, 228, and 456 cm, respectively. The stimuli were presented
in the right visual field at eccentricities of 0�, 1�, 2�, 4�, 8�, and 16�.
Eccentricity of stimulus presentation, defined relative to the center
of the stimulus, was manipulated by varying the position of the fix-
ation dot; the stimuli were always presented in the center of the
screen. Stimuli were viewed binocularly.

2.3.1. Walker direction stimuli
On each trial a novel walker was created by drawing each coef-

ficient of a from a uniform distribution between 0 and 1 and mul-
tiplying it by x = 3. Prior to the experiment proper a pilot study
was run to determine a walker-direction difference that would
Fig. 1. One frame from a point-light walker display used in the Experiments.
cover the range of performance from chance (50% correct) to
100% correct over the range of stimulus sizes to be used in the
experiment. Stimuli were always presented at fixation and accu-
racy was measured for walker-direction difference of ±8� to ±.5�
from the line of sight. From these data (N = 8) it was determined
that a direction difference of ±4� covered this range of performance
at fixation.

2.3.2. Walker identification stimuli
For the walker identification task five walkers (a1, . . . ,a5) were

chosen arbitrarily. On each trial subjects were asked to identify
which of the five walkers had been presented; they entered their
responses on the numerical keypad of the computer. Prior to the
experiment proper a pilot study was run to determine a value of
x that would produce identification accuracies that cover the
range from chance (20% correct) to 100% correct over the range
of stimulus sizes to be used in the experiment. Stimuli were always
presented at fixation and accuracy was measured for xs ranging
from 1 to 10. From these data (N = 2) it was determined that
x = 7 covered this range of performance at fixation.

2.4. Procedure

On each trial a single walker was presented going through one
full gait cycle (approximately 1.2 s). The brightness of each dot in-
creased linearly over the first 30 frames (.35 s) from minimum to
maximum brightness, remained constant, and then decreased lin-
early over the last 30 frames to the minimum brightness. On each
trial the walker began at a randomly chosen point (phase) of the
gait cycle. Throughout the trial the participant maintained fixation
on a small green dot on the monitor. At the end of each trial the dot
turned red and remained red until the participant entered a valid
response (the digits 1–5 in the identification task, or 1 or 2 in the
direction discrimination task). When an error was made a 300 Hz
tone sounded for 200 ms. In the identification task the correct
walker number appeared at fixation to indicate the correct
response.

A block of trials consisted of 25 trials for each combination of
size and eccentricity. Eccentricities were always tested from 0� to
16� in that order for a particular stimulus size, and different sizes
were tested from largest (20�) to smallest (.312�). All subjects par-
ticipated in two blocks of trials for a total of 50 trials per condition
in both experiments. The testing time for each experiment took
approximately 3 h distributed over sessions lasting approximately
45 min. In both tasks subjects received sufficient practice to
achieve perfect (or close to perfect) performance at 0� and 16�
for the largest stimuli.
3. Results

3.1. Direction discrimination task

The proportion of correct responses was calculated for each
eccentricity and stimulus size for each participant. The results of
the direction discrimination task are summarized in Fig. 2. Dis-
crimination accuracy improved as the size of the stimulus in-
creased at each eccentricity. In most cases participants reached
maximum accuracy at all eccentricities. Therefore, stimulus mag-
nification compensates for eccentricity-dependent sensitivity loss.

To quantify the rate at which stimuli must be scaled with eccen-
tricity, we calculated the E2 value required to collapse data from all
eccentricities onto a single psychometric function. The accuracy
data at each eccentricity were assumed to be well described by a
Gaussian integral normalized to the range of 1/2 (chance) to 1
when plotted against the logarithm of stimulus size. A mean (lE)
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and standard deviation (rE) characterize the function at each
eccentricity (E). Assuming that all rE are the same, the changes
in lE with eccentricity should correspond to a shift along the
log-size axis such that lE = log(FE) + l0, where FE = 1 + E/E2. There-
fore, if the appropriate E2 is available, all data should collapse to a
single function by subtracting log(FE) from the logarithm of stimu-
lus size at each eccentricity. In other words, three parameters (l0,
r, and E2) should be sufficient to explain most of the variability in
the data. We used an error minimization procedure (fminsearch)
available in MATLAB to find the best fitting values of l0, r, and
E2 for each participant. The results are summarized in Fig. 3. On
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3.2. Identification task

The results of the walker identification task are summarized in
Fig. 4. Identification accuracy improved as the size of the stimulus
increased at each eccentricity. In most cases participants reached
maximum accuracy at all eccentricities. Therefore, stimulus mag-
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nification compensates for eccentricity-dependent sensitivity loss
in this case as well.

The average E2 value determined by this analysis was 1.27 with
an estimated SEM of .196. The fits explained 96% of the variance in
the data, on average. The 95% confidence interval ranges from .76
to 1.77. The difference between the average E2 values in the two
experiments was statistically significant, t(5) = 4.12, p = .009,
R2 = .21 (Fig. 5).

The size-scaling method employed here assumes that the accu-
racy vs. size functions differ only in terms of a shift on the log-size
axis and that their positions change linearly with eccentricity. To
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assess these assumptions we computed the best fitting Gaussian
integrals (defined by lT and rT) at each eccentricity, for each sub-
ject and each experiment. The results, averaged across six subjects,
are summarized in Fig. 6. A statistically significant, main effect of r
would be inconsistent with the assumptions of size scaling, as
would a statistically significant, non-linear trend in l.

For the identification and direction tasks linearity explained
90% and 93% of the variability in the ls for the respective datasets,
F(1,5) = 115 and 137, respectively, both p < .001. For the identifica-
tion data there were also statistically significant quadratic and cu-
bic trends in the m data, F(1,5) = 13 and 12.2, p = .015 and .017,
E
2
 = 2.07

r 2  = 0.97

MO

E
2
 = 1.36

r 2  = 0.92

RG

10
0

10
1

10
2

E
2
 = 0.77

r 2  = 0.95

 Size (˚)

P2

10
 –1

10
0

10
1

10
2

E
2
 = 1.48

r 2  = 0.95

Scaled Size (˚)

P3

tion for each participant; 0� (filled circles), 1� (unfilled circles), 2� (filled squares), 4�
ion of explained variance are shown for each participant.



0 4 8 16
0

2

4

6

8

10

Eccentricity (°)

μ

0 4 8 16
0.0

0.2

0.4

0.6

0.8

1.0

Eccentricity (°)

σ

 

 
Identification
Direction

Fig. 6. Plots of the average m (left) and s (right) values for fit to the accuracy vs. size data at each eccentricity for both tasks. Error bars represent ± estimated SEM.

2832 R. Gurnsey et al. / Vision Research 48 (2008) 2827–2834
respectively. However, these trends explained only 1.6% and .68%
of the variability in the dataset, respectively; i.e., R2 = .016 and
.0068, respectively. Therefore, although statistically significant,
these differences are of little practical consequence. For the direc-
tion discrimination task there was a statistically significant qua-
dratic trend, F(1,5) = 15.3, p = .012, R2 = .0045. Again, this
represents a statistically significant but unimportant difference.

For the walker identification task there was no statistically sig-
nificant main effect of eccentricity for the r values, F(5,25) = 0.74,
p = .6, R2 = .075. However, for the direction discrimination task
there was a statistically significant main effect of eccentricity for
the r values, F(5,25) = 6.9, p < .001, R2 = .46. The right panel of
Fig. 6 shows a clear divergence of the r values for eccentricities
of 1� and 2�. The mean r at these eccentricities (.58) was 41%
greater than the average of the remaining four eccentricities
(.41). The larger slopes at 1� and 2� mean that performance in-
creased more slowly with stimulus size than at the remaining
eccentricities; however this did not induce an important non-line-
arity in the means (ls) of the psychometric functions. Previously
we have reported systematic changes in the slopes of psychometric
functions with eccentricity (Gurnsey et al., 2006) but the present
results do not show a consistent change with eccentricity. There
is no obvious explanation for this result, however, the reported
E2 values for the direction discrimination task must be qualified
by the finding that the assumptions of the size-scaling method
were not perfectly met.

4. General discussion

4.1. Eccentric perception of biological motion is not unscalably poor

The studies described here were motivated by an apparent dis-
crepancy between the results of Ikeda et al. (2005) and those of
Gibson et al. (2005), Gurnsey et al. (2006), and Thompson et al.
(2007). From the present results we conclude that eccentric per-
ception of biological motion is not unusual because with sufficient
magnification peripheral and foveal performance can be equated.
This is true for walker-direction discrimination and walker identi-
fication, both of which required subjects to discriminate rather
subtle differences between point-light walkers. In contrast, the five
actions (walking, running, jumping, kicking, throwing) employed
by Ikeda et al. differ substantially. It seems likely that in the ab-
sence of noise they too would have found that size scaling compen-
sates for eccentricity-dependent sensitivity loss. In fact very large
E2 values would be expected because E2 seems to increase as task
difficulty decreases (cf. Gibson et al. and the present results).

It might be argued that the tasks in the present study could be
performed using local motion signals of individual dots, whereas
the use of noise dots in the Ikeda et al. (2005) study forced subjects
to rely on the global motions of the stimuli because local motions
were unreliable. We can’t rule this out entirely. However, we made
efforts to control for this in the direction discrimination task by
generating a different walker on each trial. In this way there would
be variability in the local motions from trial to trial and this would
work against a strategy that relies on monitoring single dots. Fur-
thermore, in both of the present experiments the walkers began
their strides at different points in the gait cycle, again making
any single dot an inconsistent cue from trial to trial. (In fact, Ikeda
et al. do not report randomizing the onset phase of the stimuli so
subjects may have been able to use specific motions in specific
locations as cues to the presence of the target stimuli.) It remains
to be seen in future work if local motions can support the levels
of discrimination achieved in the present work. However, preli-
minary studies in our lab have shown that walker-direction dis-
crimination at fixation is far worse when walkers are inverted,
suggesting that global form and not just local motions contribute
to performance.

Our view is that the use of scrambled-walker noise to limit per-
formance in the case of Ikeda et al. (2005) did not reveal a limita-
tion related to biological motion per se but a limitation related to
noise. Clearly, there may be more than one eccentricity-dependent
limitation at play in any psychophysical task (Latham & Whitaker,
1996; Poirier & Gurnsey, 2002; Strasburger, Rentschler, & Harvey,
1994). Indeed, the results of Ikeda et al. are similar in some ways
to a recent report (Melmoth, Kukkonen, Mäkelä, & Rovamo,
2000) showing that size scaling alone was not sufficient to equate
contrast sensitivity functions for face identification across the vi-
sual field. The highest contrast sensitivity was found at fixation
and peak sensitivity dropped with eccentricity. Therefore, to
equate contrast sensitivity functions at different eccentricities both
size and contrast had to be scaled. In a similar way it may be that
when noise is used to limit performance both size and noise have
to be scaled with eccentricity (Gurnsey et al., 2006). Poirier and
Gurnsey (2002) considered the general issue of detecting multiple
eccentricity-dependent limitations in detail and Poirier and Gurn-
sey (2005) showed that a number of odd results in the literature
could be explained by multiple eccentricity-dependent limitations.

4.2. Relation of E2 values to previous research

In the walker-direction discrimination task the average E2 value
of .87 differs substantially from the average E2 value of 3.5 reported
by Gibson et al. (2005). We noted in the introduction that the Gib-
son et al. task had a direction difference of ±90� and thus might not
require extraction of global form from point-light walkers. In fact,
in a control experiment Gibson et al. showed that subjects could
reliably discriminate walker directions for stimulus sizes at which
they could not identify the stimulus as a point-light walker. Fur-
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thermore, Gibson et al. concluded that subjects were probably
using signals in the local motions of individual dots. Support for
this idea comes from recent work (Troje & Westhoff, 2006) show-
ing that the motion of the feet of an animal in locomotion could in-
deed be used to derive direction from biological motion—even in
the absence of any coherent global form. The mechanisms underly-
ing this ability are considered to be entirely different from the ones
that mediate the form of a walker. The difference in the E2 value
measured here and the one measured by Gibson et al. may reflect
distinct visual mechanisms.

In contrast, the average E2 value of .87 in the direction discrim-
ination task is rather similar to the average E2 value of .61 reported
by Gurnsey et al. (2006) in a structure-from-motion task. This sim-
ilarity may reveal that certain aspects of structure-from-motion
may involve mechanisms similar to those engaged by biological
motion stimuli.

4.3. Interpreting E2 values

Levi et al. (1985) suggested that E2 values of 2.5–3.5 compen-
sate for eccentricity-dependent limitations imposed by ganglion
cell density and that E2 around .77 compensates for the cortical
magnification factor (viz., the number of millimeters of cortex de-
voted to 1� of visual angle). To a limited extent one may attempt to
identify the anatomical origin of an eccentricity-dependent limita-
tion in a psychophysical task by estimating the E2 that character-
izes the task and relating it to retinal or cortical E2 values,
roughly 3 and .77, respectively. For example, Levi et al. reported
that an E2 of about 3 equated grating acuity across the visual field
and that an E2 of about .7 equated vernier acuity across the visual
field (cf. Whitaker, Rovamo, MacVeigh, & Mäkelä, 1992). From this
they concluded that grating acuity is limited by retinal factors and
vernier acuity by cortical factors. On this crude scale the E2 values
characterizing the present tasks (.87 and 1.27) are closer to the cor-
tical than retinal E2. The confidence limits around these two esti-
mates include .77 but not 3. Therefore, this line of reasoning
suggests that retinal factors are not the principle limitations in
the present tasks.

However, such inferences must be made with extreme caution
because the E2 recovered in a given task may depend on many
things. For example, the relative contribution of retinal and cortical
limitation may change with eccentricity (e.g., Poirier & Gurnsey,
2002) and non-anatomical factors (such as contrast) may also af-
fect E2 (e.g., Sally & Gurnsey, 2007). As well, Latham and Whitaker
(1996) showed that E2 values change systematically with stimulus
manipulations (i.e., target/flanker separation). Therefore, knowing
the E2 value associated with a single task does little to constrain
the anatomical or physiological locus of the eccentricity-depen-
dent limitation.

Efforts to establish connections between E2 values derived from
psychophysical and brain-imaging experiments are made more
difficult by the tremendous variability in the estimates in both
cases. In early imaging work (Sereno et al., 1995) the cortical mag-
nification factor for V1 was extremely steep (corresponding to an
E2 much less than 1, with the specific value depending on the
assumptions one is prepared to make in the calculations) whereas
more recent work (Dougherty et al., 2003) estimated the corre-
sponding E2 value to be 3.67. Both of these estimates differ sub-
stantially from the estimate of E2 = .75 by Horton and Hoyt
(1991). Therefore, without agreement about the E2 value that char-
acterizes human V1 it is impossible link the psychophysically mea-
sured E2 values to those based on imaging or other data.

Psychophysical estimates of E2 can be highly variable across
tasks (Beard, Levi, & Klein, 1997; Whitaker, Mäkelä, et al., 1992)
and within tasks. For example, in the present study the average
E2 value for walker identification is 1.27 is about 46% larger than
the average E2 value for walker-direction discrimination (.87),
and this difference is statistically significant. However, the 95%
confidence limits around these average values show about 37%
overlap. Clearly, individual differences make psychophysical esti-
mates of E2 highly variable and thus difficult to relate to physiolog-
ical and anatomical estimates, which are also highly variable.
Therefore, questions about the connections between E2 values de-
rived from psychophysical and brain-imaging experiments are
probably best addressed within subjects (e.g., Duncan & Boynton,
2003), as are questions about E2 values associated with different
tasks (Gurnsey et al., 2006; Sally & Gurnsey, 2004).

It has been reported that visual areas such as the superior tem-
poral sulcus (STS) respond to biological motion (Grossman & Blake,
2002) and that areas such as STS are in fact retinotopic (Saygin &
Sereno, 2008). There is no way at present to determine whether
or not brain regions selective for biological motion (Bonda, Pet-
rides, Ostry, & Evans, 1996; Grossman et al., 2000) contribute to
eccentricity-dependent sensitivity loss with respect to biological
motion. Certainly the widely varying estimates of E2 for V1 based
on fMRI data highlight the challenges of relating an imaging esti-
mate of E2 to a psychophysical estimate of E2.

In spite of the difficulties inherent in identifying the source of
an eccentricity-dependent sensitivity loss, it is clear that the per-
ception of biological motion in the visual periphery is unremark-
able in that, with sufficient scaling, peripheral and foveal
performance can be equated. A conservative view is that V1 is
the source of this limitation, and once overcome, higher visual
areas with less retinotopy are able to extract the information nec-
essary to perform the tasks at hand.
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