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Factorizing the motion sensitivity function into equivalent
input noise and calculation efficiency

Remy Allard

Angelo Arleo

The photopic motion sensitivity function of the energy-
based motion system is band-pass peaking around 8 Hz.
Using an external noise paradigm to factorize the
sensitivity into equivalent input noise and calculation
efficiency, the present study investigated if the variation
in photopic motion sensitivity as a function of the
temporal frequency is due to a variation of equivalent
input noise (e.g., early temporal filtering) or calculation
efficiency (ability to select and integrate motion). For
various temporal frequencies, contrast thresholds for a
direction discrimination task were measured in presence
and absence of noise. Up to 15 Hz, the sensitivity
variation was mainly due to a variation of equivalent
input noise and little variation in calculation efficiency
was observed. The sensitivity fall-off at very high
temporal frequencies (from 15 to 30 Hz) was due to a
combination of a drop of calculation efficiency and a rise
of equivalent input noise. A control experiment in which
an artificial temporal integration was applied to the
stimulus showed that an early temporal filter (generally
assumed to affect equivalent input noise, not calculation
efficiency) could impair both the calculation efficiency
and equivalent input noise at very high temporal
frequencies. We conclude that at the photopic
luminance intensity tested, the variation of motion
sensitivity as a function of the temporal frequency was
mainly due to early temporal filtering, not to the ability
to select and integrate motion. More specifically, we
conclude that photopic motion sensitivity at high
temporal frequencies is limited by internal noise
occurring after the transduction process (i.e., neural
noise), not by quantal noise resulting from the
probabilistic absorption of photons by the
photoreceptors as previously suggested.

The photopic temporal contrast sensitivity function
is known to be band-pass peaking around 8 Hz
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(Watson, 1986). Using an external noise paradigm to
factorize the sensitivity into equivalent input noise and
calculation efficiency (Pelli, 1981, 1990; Pelli & Farell,
1999; Figure 1), the present study investigated if the
variation in photopic motion sensitivity as a function of
the temporal frequency is due to a variation of
equivalent input noise or calculation efficiency (or a
combination of both).

For the sensitivity to counter-phase flicker (which is
equivalent to motion sensitivity, Kelly, 1979; Levinson
& Sekuler, 1975), Pelli (1990) found that the equivalent
input noise decreased with increasing spatiotemporal
frequency at low spatiotemporal frequencies and was
constant at high spatiotemporal frequencies (up to 16
Hz and 16 cycles/°). Pelli’s interpretation was that
sensitivity is limited by neural noise at low spatiotem-
poral frequencies and by quantal noise (also known as
“photon noise™) at high spatiotemporal frequencies,
which is consistent with the interpretation of van Nes,
Koenderink, Nas, and Bouman (1967). Quantal noise
results from the probabilistic absorption of photons by
the photoreceptors and is therefore spatiotemporally
white (i.e., spatially and temporally uncorrelated) up to
very high spatial and temporal frequencies, whereas
neural noise would decrease with increasing spatio-
temporal frequency (Pelli, 1990; Raghavan, 1995).
Although Pelli (1990) had to measure contrast thresh-
olds in low and high noise to estimate equivalent input
noise, his study focused on equivalent input noise, and
he did not report contrast thresholds in low and high
noise (or sensitivity and calculation efficiency, respec-
tively). Nonetheless, given that sensitivity falls off at
high temporal frequencies, constant equivalent input
noise at these frequencies suggests that calculation
efficiency falls off at high temporal frequencies.
Concluding that the equivalent input noise is constant
at high temporal frequencies therefore suggests the fact
that the sensitivity falls off at high temporal frequencies
is due to a fall-off in calculation efficiency, not a rise in
equivalent input noise.
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Figure 1. Linear Amplifier Model (Pelli, 1981, 1990). The impact
of the internal noise is quantified as the level of external noise
having the same impact as to the internal noise (i.e., equivalent
input noise). The efficiency of the noisy contrast-invariant
calculation is derived from the smallest signal-to-noise ratio
required to perform the task in high noise. Adapted from Pelli
(1990).

However, the widely accepted view is that the
sensitivity fall-off at high temporal frequencies is due to
early temporal filtering (e.g., Kelly, 1961, 1969; Roufs,
1972; Watson, 1986; Watson & Ahumada, Jr., 1985),
which should affect equivalent input noise, not calcula-
tion efficiency. Early temporal filtering would reduce the
effective contrast of high temporal frequencies (Watson,
1986) and a contrast reduction gain affecting the signal
and noise by the same proportion would have no effect
on the signal-to-noise ratio and therefore should have no
impact on contrast threshold in high noise (i.c.,
calculation efficiency, Pelli & Farell, 1999). Indeed,
contrast threshold in high noise is known to be
proportional to the noise contrast (slope of 1 in log-log
coordinates, Pelli, 1981), so substantially reducing
contrast at high temporal frequencies should have a
direct impact on contrast threshold in low noise (i.e.,
sensitivity), but not in high noise (i.c., calculation
efficiency), that is, it would affect equivalent input noise.
As a result, Pelli’s (1990) finding that equivalent input
noise is constant at high temporal frequencies seems
incompatible with the widely accepted view that the
sensitivity fall-off at high temporal frequencies is due to
early temporal filtering, which should affect equivalent
input noise, not calculation efficiency. A limitation of
Pelli’s study (1990) was that equivalent input noise was
measured at only a few temporal frequencies (0, 4, and
16 Hz), and he did not report sensitivity and calculation
efficiency. To test if equivalent input noise is constant at
high temporal frequencies, the present study factorized
sensitivity into equivalent input noise and calculation
efficiency at many temporal frequencies: 0.9375, 1.875,
3.75, 7.5, 15, and 30 Hz.

Experiment 1: Factorizing motion

sensitivity

Adding noise to substantially impair contrast
threshold (by a factor of at least 2, Pelli & Farell, 1999)
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neutralizes the impact of some factors affecting
sensitivity such as additive internal noise (negligible in
high noise) and contrast gains (affecting both the signal
and noise by the same proportion). The external noise
paradigm (Pelli, 1981; Pelli & Farell, 1999) is therefore
often used to decompose the sensitivity into factors
affecting contrast threshold only in low noise (grouped
as equivalent input noise) and factors affecting contrast
threshold in low and high noise (grouped as calculation
efficiency). Such a model implicitly assumes that the
low-noise calculation efficiency (i.e., when internal
noise dominates) is the same as the measured high-
noise calculation efficiency (when external noise dom-
inates), which are therefore both referred to as
“calculation efficiency.” The equivalent input noise can
be calculated given the sensitivity and the (low-noise)
calculation efficiency.

To measure the equivalent input noise and calcula-
tion efficiency, the first experiment therefore measured
contrast thresholds (¢) for a direction discrimination
task in absence of noise and in high noise for various
temporal frequencies. Given that the energy threshold
(E, proportional to the squared contrast threshold) is
known to be linearly related to the external noise
energy (N) (Pelli, 1981; Pelli & Farell, 1999), these
measurements were used to derive the equivalent input
noise (/V;) and calculation efficiency (/). In the current
study, the signal was a drifting sine wave grating with
randomized initial phase so the linear relationship
between the energy threshold () and external noise
energy (V) can be defined as (Bennett, Sekuler, & Ozin,
1999):

M (N+Nf)- (1)

E(N) = -

Given the measured energy thresholds in absence of
external noise, £(0), and in high noise, E(Ngy), this
equation can be used to calculate, for each temporal
frequency, the equivalent input noise:

Nuy
Ni= E(Nun) 1 (2)
E(0)

and the calculation efficiency:

7= Nun(d + V0.5)?
~ E(Nyy) — E(0)

3)

Method
Observers

Three naive observers and one of the authors
participated to the study. They had normal or
corrected-to-normal vision.
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Apparatus

The stimuli were presented on a 22.5-inch LCD
monitor designed for psychophysics (VIEWPixx) with a
refresh rate of 120 Hz and a mean luminance of 50 cd/
m>. At the viewing distance of 2 m, the spatial
resolution of the display was 128 pixels/® of visual
angle. The monitor was the only light source in the
room. The output intensity of each color gun was
linearized psychophysically using a minimum motion
technique (Cavanagh, MacLeod, & Anstis, 1987)
consisting in gamma correcting the display to null the
perceived motion of luminance—and contrast-modu-
lated, counter-phase flickering gratings in quadrature
phase (90° offset in both space and time). The
observer’s vision was blurred to minimize the visibility
of the contrast-modulated grating and thereby facilitate
the calibration. Display nonlinearity would introduce a
flickering luminance grating in phase or in opposite
phase with the contrast-modulated grating that would
interact with the flickering luminance-modulated grat-
ing resulting in a motion percept. The Noisy-bit
method (Allard & Faubert, 2008) implemented inde-
pendently to each color gun made the 8-bit display
perceptually equivalent to an analog display having a
continuous luminance resolution.

Stimuli and procedure

The task consisted in discrimination the drifting
direction (left or right) of a 0.5 cycles/® vertically
oriented grating by pressing one of two keys. The signal
was presented for 250 ms plus on and off half-cosine
ramps of 125 ms each for a total duration of 500 ms.
The spatial window of the signal had a diameter of 4° of
visual angle plus a half-cosine of 1°. The initial phase of
the signal was randomized on each trial.

For each temporal frequency (0.9375, 1.875, 3.75,
7.5, 15, and 30 Hz), contrast threshold was measured
with and without high external noise. The noise used
was binarized-filtered noise (spatially low-pass filtered
with cutoff at 4 cycles/° and then binarized, Jules
Etienne, Arleo, & Allard, 2016) and was refreshed at
120 Hz. This noise had a flat energy spectrum up to 60
Hz, which is greater than the critical frequency fusion
so it was considered temporally white, and up to 4
cycles/°, which was three octaves above the signal
frequency. The noise contrast was fixed to 50%,
resulting in an energy (Nyy) of 30 11 °% s (up to 4 cycles/°
and 60 Hz). To avoid triggering a processing strategy
shift (Allard & Cavanagh, 2011; Allard & Faubert,
2014a), the noise was continuously displayed (presented
during and between trials) and covered the entire screen
(i.e., spatiotemporally extended).

Contrast thresholds were measured using a 3 down,
1 up staircase procedure (Levitt, 1971) with step size of
0.1 log and were interrupted after 12 inversions. Such a
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Figure 2. Sensitivity in absence of noise (closed symbols) and in
high noise (open symbols) as a function of temporal frequency.
Each data point is represented as the inverse of the energy
threshold (left axis) and contrast threshold (right axis). Different
symbols represent different observers (see legend in Figure 3).
Lines represent the average across observers.

staircase converged to a criterion level of 79% correct
response corresponding to a d’ of 1.16. For each
staircase, the threshold was estimated as the geometric
mean of the last eight inversions. Each of the 12
conditions (six temporal frequencies X two noises) was
performed three times in a pseudorandom order, and
the threshold for each condition was estimated as the
geometric mean of the three threshold estimates (i.e.,
three staircases).

Results and discussion

As expected, the motion sensitivity function in
absence of noise was band-pass and peaked at 7.5 Hz
(Figure 2). In high noise, the motion sensitivity
function was low-pass. Based on the threshold mea-
surements in absence of noise and in high noise,
calculation efficiency and equivalent input noise were
derived according to Equations 2 and 3 and plotted in
Figure 3. Calculation efficiency, which is essentially
proportional to sensitivity in high noise (Pelli & Farell,
1999), slightly decreased with temporal frequency up to
15 Hz (slope of —0.31 in log-log coordinates) and
abruptly fell off between 15 and 30 Hz (slope of —2.6,
Figure 3, top graph). The equivalent input noise varied
more with temporal frequency (Figure 3, bottom
graph) as it gradually decreased up to 7.5 Hz (slope of
—1.0) and abruptly rose at higher temporal frequencies
(slope of 2.1).

These results show that the sensitivity increase up to
7.5 Hz was due to a decrease of equivalent input noise,
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Figure 3. Calculation efficiency and equivalent input noise as a
function of the temporal frequency derived from the data
presented in Figure 2, using Equations 2 and 3. Different
symbols represent different observers. Solid line represents the
average across observers.

not an increase in calculation efficiency. This is
consistent with Pelli’s (1990) results in which equivalent
input noise decreased with increasing low temporal
frequency. The sensitivity fall-off from 7.5 to 15 Hz (a
factor of 4.1 in energy units) was mainly due to an
increase in equivalent input noise, whereas the fall-off
from 15 to 30 Hz (a factor of 33) appears to be due to a
combination of increase in equivalent input noise (a
factor of 5.6) and decrease in calculation efficiency (a
factor of 6.0), but see next experiment below.

Experiment 2: The impact of early

temporal integration on calculation
efficiency

As described in the introduction above, early
temporal filtering is expected to affect equivalent input
noise, not calculation efficiency. This suggests that the
lower calculation efficiency at 30 Hz in Experiment 1
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would not be due to an early temporal filtering
substantially decreasing the contrast of high temporal
frequencies, but would rather be due to a reduced
ability to integrate or select the relevant information to
discriminate the drifting direction (e.g., the fastest
processing channel tuned to a frequency lower than 30
Hz so it would be less sensitive to 30 Hz in high noise).
However, contrast thresholds in high noise are not
necessarily independent of early temporal filtering. An
early temporal filter could affect more the signal at a
very high temporal frequency than the noise integrated
within a channel tuned to the signal temporal
frequency, thereby impairing contrast threshold in high
noise. Consider Figure 4, for instance. Motion detec-
tors could be equally efficient at processing low and
high temporal frequencies (e.g., same tuning function
relative to the relevant signal frequency, fourth row)
and nevertheless result in different contrast thresholds
in high noise due to an early temporal low-pass filter.
For a signal at very low temporal frequencies (left
column), an early low-pass filter would have no impact
on both the signal and the noise being integrated by the
relevant motion detector. For a signal at very high
temporal frequencies (right column), an early low-pass
filter could drastically reduce the effective contrast of
the signal and reduce less the noise being integrated by
the processing channel due to lower frequencies being
less affected by the early filter. As a result, even though
an early low-pass filter would not reduce the signal-to-
noise ratio at the signal frequency (signal and noise at
the signal frequency affected by the same proportion),
it could reduce more the signal than the total amount of
noise being integrated by the processing channel, which
would thereby reduce the effective signal-to-noise ratio
within the processing channel and impair contrast
threshold in high noise (i.e., calculation efficiency). This
example shows that contrast threshold in high noise
may not be independent of early temporal filtering;
abrupt variations of contrast gains as a function of the
temporal frequencies could affect contrast threshold in
high noise by having different impact on the signal and
noise being integrated by the processing channel. It is
therefore possible that the drop in calculation efficiency
at 30 Hz could be due to early temporal filtering. The
objective of the second experiment was to empirically
test if early temporal filtering, which considerably
reduces the contrast of high temporal frequencies, may
also affect calculation efficiency (i.e., contrast threshold
in high noise) at high temporal frequencies.

A temporal filter (G) can be factorized into two
filters (Figure 5): the contrast gain at the signal
frequency (G,), and the shape of the filter, which is the
temporal filter normalized relative to the contrast gain
at the signal frequency (G/Gy). Even though these two
filters could be caused by the same physiological
process (e.g., early temporal integration), this theoret-
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Figure 4. Graphs illustrating that an early low-pass filter (second row) could affect differently the signal-to-noise ratio within
processing channels tuned to different signal frequencies. The stimulus (first row) represents the energy spectrum of white noise
(blue) and a signal (green) at a low (left), middle (center) and high (right) temporal frequencies. The effective stimulus (third row)
corresponds to the energy spectrum of the signal and noise after passing through an early low-pass filter (second row). The bottom
row represents the energy being integrated by motion detectors equivalently tuned to the respective signal frequency (fourth row). S
and N represent the impact of the low-pass filter on the signal and noise energy being integrated by the motion detector (i.e., energy
integrated by the motion detector with the early low-pass filter relative to the energy integrated if there were no early low-pass
filter). A gain of 1 represents a low-pass filter having no impact on the energy being integrated by the motion detector (e.g., low
temporal frequency, left column). The low-pass filter can affect differently the signal and noise energy integrated by the motion
detector (S # N), thereby decreasing (high temporal frequency, right column) or increasing (middle temporal frequency, middle

column) the signal-to-noise ratio (S/N).

ical factorization is useful because these two filters have
different effects on contrast threshold depending on the
origin of the main noise source limiting performance.
The contrast gain at the signal frequency (Gy) equally
affects the signal and noise passing through the filter.
As a result, it has no effect on contrast threshold when
the main noise source occurs before the filtering
operation (i.e., external noise or early noise, Figure 6),
but it affects contrast threshold by a proportion of Gy
when the main noise source occurs after the filtering
operation (i.e., late noise, Figure 6) because it affects
the signal and not the main noise source.

The normalized shape of the filter (i.e., G/Gy), on the
other hand, has no effect on the signal frequency (gain

of 1 by definition), but modulates the noise passing
through the filter. Thus, contrary to the gain at the
signal frequency, the shape of the filter has no impact
when the main noise source occurs after the filtering
(i.e., late noise, Figure 6) as it affects neither the signal
nor the main noise source, but may affect contrast
thresholds when the main noise source occurs before
the filtering operation (i.e., external noise or early
noise, Figure 6) as it does not affect the signal
frequency but modulates the total amount of noise
being integrated by the processing channel. Nonethe-
less, the effect of the shape of the filter is likely to be
small under most conditions because contrast threshold
is mainly affected by noise nearby the signal frequency.
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Figure 5. Given a signal temporal frequency (s), a temporal filter (G, left graph) can be represented as a combination of two filters: a
contrast gain at the signal frequency (Gs, center graph) and the normalized shape of the filter (G/Gs, right graph).

Thus, if the shape of the filter varies little within the
channel processing the signal frequency (gain near 1), it
would have negligible impact. Furthermore, for modest
variations around the signal frequency, the shape of the
filter would likely have opposite effects on the noise at
nearby lower and higher frequencies resulting in a weak
net effect. For these reasons, the shape of the filter
probably has negligible impact under most conditions
as it is generally assumed. Nevertheless, for conditions
under which the shape of the filter varies abruptly
within the frequency range of the processing channel, it
may considerably affect performance when the main
noise source occurs before the filtering operation as in
high noise.

To test if an early temporal filter can affect contrast
threshold in high noise (i.e., calculation efficiency), the
second experiment artificially applied temporal inte-
gration of various durations to the stimulus. If the
calculation efficiency is independent of early temporal
filtering, as generally assumed, then artificially applying
a temporal integration (i.e., a temporal filter) should
have no impact on the calculation efficiency (i.e.,
contrast threshold in high noise). On the other hand, if
artificially applying a temporal integration filter to the
stimulus affects calculation efficiency, then this would
suggest that early temporal filtering by the visual
system potentially also affects the calculation efficiency.

Stimulus Observer
/\ Noisy
e Temporal contrast-invariant Decision
N calculation
filter
External Early Late
noise noise noise

Figure 6. Elaborated Linear Amplifier Model (from Figure 1) in
which an early temporal filter is now included. Since the
internal noise may occur before or after this filtering process,
two internal noise sources are represented.

Method

Three of the four observers who participated in the
first experiment participated to the second experiment
(participant CJE was not available).

The task and paradigm were the same as in the first
experiment with the exception that the noise was
always present and an artificial temporal integration
was induced by convolving the stimulus with a
normalized cosine function of different durations
(period of 50, 100, 200, and 400 ms, Figure 7, top
graphs) gradually reducing contrast of high temporal
frequencies (Figure 7, bottom graphs). For compara-
tive reasons, contrast thresholds in high noise were also
measured in absence of an artificial filter as in the first
experiment. Note that contrast threshold could not be
measured for temporal frequencies at which the
temporal filter almost completely removed the signal
(i.e., contrast gains close to 0 for temporal frequencies
of >15, >7.5, and >3.75 for the 100, 200, and 400 ms
integration time, respectively).

Results and discussion

Figure 8 shows the calculation efficiency (derived
using Equation 3 based on contrast thresholds in high
noise of the current experiment and contrast thresholds
in absence of noise from Experiment 1, which had a
negligible impact) as a function of the temporal
frequency for different artificially induced temporal
integration durations. Different calculation efficiencies
were observed for different integration times, which
show that an early temporal integration can affect
calculation efficiency. This effect is more obvious in
Figure 9, which plots the impact of an artificial
temporal integration filter (i.e., calculation efficiency
relative to the no filter condition) as a function of the
temporal frequency. Under many conditions, the

Downloaded From: http://jov.arvojour nals.or g/pdfaccess.ashx?url=/data/j our nals/j ov/935953/ on 03/13/2017



Journal of Vision (2017) 17(1):17, 1-12

0.04
0.03
0.02

Density

0.01

A

Allard & Arleo 7

AN

e

0
-200 -100 0 100 200 -200 -100 O

0.5

Contrast gain

100 200
Time (msec)

-200 -100 0 100 200 -200 -100 0 100 200

09 19 38 75 15 30 60

09 19 38 75 15 30 60

09 19 3875 15 30 60 09 19 38 75 15 30 60

Temporal frequency (Hz)

Figure 7. Cosine temporal integration filters with periods of 50, 100, 200, and 400 ms (top row, left to right), which were convolved
with the stimulus. Bottom row represents the impact of such filters on different temporal frequencies given by the Fourier transform
of the filter. Note that filters were normalized to avoid affecting low temporal frequencies (contrast gain = 1).

artificial temporal integration noticeably affected per-
formance, positively or negatively (i.e., efficiency gain
>1 or <1, respectively). These results show that,
contrary to what is generally implicitly assumed, early
temporal integration may affect calculation efficiency
(i.e., contrast threshold in high noise).

The four conditions under which the artificial
integration impaired calculation efficiency (gain < 1)
were at the highest testable frequencies for each
integration time (i.e., 50, 100, 200, and 400 ms at 30, 15,
7.5, and 3.75 Hz, respectively, Figure 9). In these
specific conditions, the contrast gains at the respective
signal frequency were very low (see gains at corre-
sponding frequency and filter in Figure 7, bottom
graphs) as in the high frequency condition in Figure 4,
right column. Even though higher frequencies were

nearly completely removed due to the rapid contrast
gain fall-off (gain close to 0), nearby lower frequencies
were reduced much less than the signal (e.g., noise
about four times greater at an octave below the signal
frequency). As a result, integrating noise nearby the
signal frequency could reduce the integrated noise less
than the signal, thereby reducing the signal-to-noise
ratio and impairing calculation efficiency (e.g., high
frequency condition in Figure 4, right column).
Consequently, the lower calculation efficiencies ob-
served at the highest temporal frequencies due to an
early temporal integration can be explained by a
substantial contrast reduction gain at the signal
frequency and a lower contrast reduction gain at
nearby lower frequencies, thereby reducing the effective
signal-to-noise ratio.

s 0.1

g (@]
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c =
& 001 <3 3
O o
S 0.001 —— No filter o
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% 100 msec %
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8 ’ al ds ra 400 msec Ae)
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094 19 38 75 15 30 094 19 38 75 15 30 094 19 38 75 15 30

Temporal frequency (Hz)

Figure 8. Calculation efficiency derived from Equation 3, left axis, thresholds in absence of noise, E(0), were taken from Experiment 1,
as a function of temporal frequency for different temporal filter widths (different curves) and for the three observers (different
graphs). Different highly saturated colors represent different integration times. Contrast thresholds in high noise are also represented
using de-saturated symbols and the right axis, but because they are nearly equivalent to calculation efficiency (Pelli & Farell, 1999),
de-saturated symbols are almost always hidden behind the saturated symbols representing calculation efficiency.
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Figure 9. Calculation efficiency gain (left axis) due to the
application of an artificial integration filter, that is, calculation
efficiency relative to the no filter condition (black curve in
Figure 8). A gain greater than 1 represents a greater efficiency
(lower contrast thresholds) in the presence of the artificial filter,
and a gain lower than 1 represents a greater efficiency without
an artificial filter. Data are averaged across observers, and error
bars represents standard errors of the mean. As in Figure 8,
symbols in de-saturated colors represent contrast threshold
gains (right axis), but are almost never visible.

Interestingly, an artificial filter reducing the contrast
at high temporal frequencies could improve thresholds
in noise under some conditions. The more substantial
facilitation effects (a factor up to 3.0 in energy units
and 1.7 in contrast units) were observed at 3.75 Hz for
a temporal integration of 100 and 200 ms and at 7.5 Hz
for a temporal integration of 100 ms. These facilitation
effects can be explained by the fact that contrast gain
fall-off was accelerating around the signal frequency
(see gains at corresponding frequency and filter in
Figure 7, bottom graphs), so the shape of the filter
reduced the noise contrast at nearby high frequencies
more than it increased the noise contrast at nearby
lower frequencies. Consequently, the higher calculation
efficiencies at some temporal frequencies can be
explained by a higher contrast reduction of high
temporal frequencies compared to the contrast reduc-
tion at the signal frequency, thereby increasing the
effective signal-to-noise ratio (e.g., middle frequency
condition in Figure 4, middle column). In other words,
if noise at high frequencies impairs performance, then a
low-pass filter reducing the contrast at these frequencies
could improve performance.

General discussion

The target of the present study was to investigate
which underlying internal factors are responsible for
the variation of photopic motion sensitivity as a
function of the temporal frequency by using a noise
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paradigm factorizing sensitivity into equivalent input
noise and calculation efficiency. The first experiment
found that the variation in sensitivity was mainly due to
a variation of equivalent input noise up to 15 Hz and
was affected by both equivalent input noise and
calculation efficiency at very high frequencies (>15
Hz). The second experiment showed that early tempo-
ral filtering could explain the drop in calculation
efficiency at very high temporal frequencies.

The results of the first experiment are incompatible
with the hypothesis that quantal noise was the main
limiting internal noise source at high temporal
frequencies. Quantal noise is caused by the probabi-
listic absorption of photons by the photoreceptors
resulting in a noise that is temporally white up to
temporal frequencies many orders of magnitude
higher than temporal acuity (Pelli, 1990; Raghavan,
1995). Given that any temporal filtering occurring
after the main internal noise source would have the
same impact in low and high noise (i.e., early and
external noise in Figure 6, respectively), it would not
affect equivalent input noise. Since there is no
temporal filtering occurring before quantal noise
(optical factors such as the modulation transfer
function of the eye, according to Campbell & Gubisch,
1966, affect spatial, but not temporal, information),
equivalent input noise would be temporally white over
the range of frequency limited by quantal noise.
Furthermore, quantal noise sets a lower limit to the
equivalent input noise independently of the processing
occurring after the quantal noise (Pelli, 1990). Thus, if
the main internal noise source were quantal noise at
some temporal frequencies, the equivalent input noise
at these frequencies would be constant and would
correspond to the smallest level of equivalent input
noise measured across all temporal frequencies. The
smallest equivalent input noise was measured at 7.5
Hz and gradually increased towards further frequen-
cies (V-shape in Figure 2, lower graph), so the main
internal noise source cannot be quantal noise (at least
at all other frequencies). On the other hand, the rise in
equivalent input noise at high temporal frequencies is
compatible with the widely accepted view that the
sensitivity fall-off at high temporal frequencies is
mainly due to early temporal filtering. As stated
above, to affect equivalent input noise, temporal
filtering must occur before the main internal noise
source. We therefore conclude that the main noise
source limiting motion sensitivity at high temporal
frequencies was noise occurring after some early
temporal filtering stage.

Given that the main internal noise source occurs
after some temporal filtering (i.e., late noise in Figure
6), then the shape of such early temporal filter (G/G,,
Figure 5) could affect contrast threshold in high noise
(i.e., high-noise calculation efficiency), but not in low
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noise (i.e., sensitivity; for explanation, see introduc-
tion of Experiment 2). Consequently, the underlying
assumption of the Linear Amplifier Model (Figure 1)
that the low-noise calculation efficiency is the same as
the high-noise calculation efficiency may have been
violated. Indeed, if a factor affects contrast thresholds
only in high noise (e.g., shape of filter preceding main
internal noise source), then the contrast threshold in
high noise (i.e., high-noise calculation efficiency)
cannot be used to estimate the low-noise calculation
efficiency and thereby the equivalent input noise.
Given that there was some temporal filtering occurring
before the main internal noise source (Experiment 1)
and that the shape of the early temporal filter can
substantially impair contrast threshold only in high
noise at very high temporal frequencies (Experiment
2), then the drop in high-noise calculation efficiency at
30 Hz does not necessarily reflect a drop in low-noise
calculation efficiency.

Nonetheless, the fact that the low-noise calculation
efficiency could have been underestimated does not
imply that it was. Consider the hypothesis that the
low-noise calculation efficiency was the same as the
measured high-noise calculation efficiency, so that the
drop in the high-noise calculation efficiency at 30 Hz
was not due to the shape of the early temporal filter
(assumed to have a negligible impact), but to a late
factor equally affecting low- and high-noise calcula-
tion efficiency (e.g., fastest motion processing channel
tuned to less than 30 Hz). To explain only the rise of
equivalent input noise from 15 to 30 Hz (a factor of
5.6, Figure 2) by an early temporal filter preceding the
main internal noise source, we calculated that a cosine
filter would need a period of 42 ms. Since an artificial
temporal integration of 50 ms was found to have a
considerable impact on high-noise calculation effi-
ciency (drop by a factor of 14.6), it is unlikely that a
slightly shorter integration time (42 ms) had no effect.
These results therefore suggest that the shape of the
early temporal filter, which would not affect contrast
threshold in low noise, impaired threshold in high
noise so that the low-noise calculation efficiency was
greater than the high-noise calculation efficiency. In
other words, the result of the second experiment
suggests that the shape of filter occurring before the
main internal noise source caused the low-noise
calculation efficiency to be underestimated to some
extent.

Now consider the opposite hypothesis: Early
temporal filtering, not low-noise calculation efficiency,
was responsible for the entire fall-off in sensitivity
from 15 to 30 Hz. We calculated that a cosine filter
would need a period of 54 ms to explain the entire
sensitivity fall-off (a factor of 33 in energy units,
Figure 2). Given that an artificial filter of 50 ms was
found to bias the high-noise calculation efficiency at
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30 Hz by a factor of 14.6 in energy units (or 3.8 in
contrast units, Experiment 2), a similar integration
time (54 ms) can therefore explain the high-noise
calculation efficiency fall-off by a factor of 6.0 in
energy units (or 2.4 in contrast units). Of course, the
impact of the artificial 50-ms cosine filter and the early
temporal integration on high-noise calculation effi-
ciency may differ depending on the actual shape of the
early filter (not being a cosine) or nonlinear summa-
tion effects (applying two similar filters would not
necessarily result in summing their impact on contrast
threshold). Nevertheless, Experiment 2 suggests that
early temporal filtering could have considerably
impaired high-noise calculation efficiency at 30 Hz.
Given that this temporal filtering occurred before the
main internal noise source (as concluded above), it
affected high-noise calculation efficiency, but not low-
noise calculation efficiency. In other words, an early
temporal filter could explain both the entire sensitivity
fall-off from 15 to 30 Hz and the high-noise
calculation efficiency fall-off. The results therefore
suggest indirectly that the low-noise calculation
efficiency remained good up to the highest temporal
frequency tested (30 Hz). At the very least, the drop in
high-noise calculation efficiency observed at 30 Hz
cannot be taken as evidence of a drop in low-noise
calculation efficiency. Further experiments are re-
quired to directly evaluate the low-noise calculation
efficiency at very high temporal frequencies.

Note that, if low-noise calculation efficiency was
indeed underestimated at 30 Hz, then the equivalent
input noise was also underestimated by the same
proportion because sensitivity is composed of two
factors: equivalent input noise and low-noise calcula-
tion efficiency. Indeed, the drop in sensitivity needs to
be explained by a combination of a drop in low-noise
calculation efficiency and a rise in equivalent input
noise. If the drop in low-noise calculation efficiency was
overestimated (i.e., low-noise calculation efficiency
underestimated at 30 Hz), then the rise in equivalent
input noise was equally underestimated (i.e., equivalent
input noise underestimated at 30 Hz).

The fact that the high-noise calculation efficiency
may not be equal to the low-noise calculation
efficiency highlights a limit of the external noise
paradigm as developed by Pelli (Pelli, 1981; Pelli &
Farell, 1999). The rationale of this paradigm is that
the factors affecting sensitivity (or contrast threshold
in low noise) either affect the impact of internal noise
(or equivalent input noise) or the ability to select and
integrate the information relevant to the task (i.e.,
low-noise calculation efficiency). The equivalent input
noise is therefore estimated by assuming that the low-
noise calculation efficiency is the same as the measured
high-noise calculation efficiency. This paradigm
therefore aims to estimate the impact of factors
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affecting contrast thresholds only in low noise
(grouped as equivalent input noise) and factors
affecting contrast threshold equally in low and high
noise (grouped as calculation efficiency). However, the
current study shows that some factors (e.g., shape of
an early filter as in Figure 5, right graph) modulating
the impact of external noise without having any
impact on signal and the main internal noise occurring
after the temporal filter could affect contrast threshold
only in high noise. This violates the assumption that
the low-noise calculation efficiency is the same as the
high-noise calculation efficiency. The implication of
the violation of this assumption is the same as when
different processing strategies operate in low and high
noise (Allard & Cavanagh, 2011, 2012; Allard &
Faubert, 2013, 2014a, 2014b; Allard, Renaud, Moli-
natti, & Faubert, 2013): It implies that the low-noise
calculation efficiency cannot be assumed to be the
same as the high-noise calculation efficiency. The
difference in the current study is that the violation of
this assumption is not due to different processes
operating in low and high noise, but to a factor
present in both low and high noise (namely, shape of
early filter) affecting threshold only in high noise.

The shape of early filter is analogous to the
perceptual template in the Perceptual Template Model
(Lu & Dosher, 2008), which is a task-specific filter that
modulates the impact of the external noise by
operating before the main internal noise source. Such
a high-level template operating before the main
internal noise also has an impact only in high noise
(i.e., when there is external noise to filter), but the
distinction is that the current study shows that the
filtering could occur very early in the visual system
(e.g., it could be at the photoreceptor level since an
artificial filter applied to the stimulus was sufficient to
affect high-noise calculation efficiency) without being
task-specific.

Nevertheless, the fact that the shape of early
filtering occurring before the main internal noise
source can affect performance only in high noise does
not always compromise the application of the Linear
Amplifier Model. This model remains useful to
measure equivalent input noise when there is no
filtering occurring before the main internal noise
source (e.g., quantal noise). In this case, the shape of
the filter would equally affect threshold in low and
high noise, so low- and high-noise calculation
efficiency would remain the same and it would not bias
the equivalent input noise. When the main internal
noise source occurs after some filtering, however, the
shape of the filter would affect threshold only in high
noise. Nonetheless, as mentioned in the introduction
of Experiment 2, under most conditions this factor
would likely have a negligible impact. The shape of the
filter would likely noticeably affect high-noise calcu-
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lation efficiency only when it varies substantially
around the signal frequency, such as at very high
temporal frequencies. In the current study, the rise in
sensitivity at low temporal frequencies was much
smaller (slope of 0.68 log-log in energy units) than the
sensitivity fall-off at high temporal frequencies (slope
of —5.1). Given that the shape of the early filter could
have biased the estimate of the low-noise calculation
efficiency by a factor up to 6.0 (presuming that motion
processing is not more efficient at 30 than 15 Hz), the
impact of the early filter should be much less at lower
frequencies. Furthermore, the fact that an artificial 50-
ms cosine filter had a stronger impact on high-noise
calculation efficiency at 30 Hz (a factor of 14.6) than
the drop in the high-noise calculation efficiency (a
factor of 6.0) suggests that the impact of the early
temporal filter on the high-noise calculation efficiency
at lower temporal frequencies would be lower than the
impact caused by the artificial filter (<1.85 in energy
units or <1.36 in contrast units, Figure 9). Conse-
quently, it is unlikely that the shape of the early filter
substantially affected the high-noise calculation effi-
ciency at lower temporal frequencies.

Interestingly, the sensitivity fall-off at high temporal
frequencies due to early temporal integration (i.e.,
filtering) is analogous to the sensitivity fall-off at high
spatial frequencies due to the optical modulation
transfer function of the eye (Campbell & Gubisch,
1966). Although these spatial and temporal blurs are
analogous, they notably differ in their origin: Optical
blur occurs before the transduction process, whereas
the temporal integration necessarily occurs after the
transduction process. This subtle difference has im-
portant implications for the limiting noise source at
high frequencies because it modulates differently the
impact of quantal noise. The temporal blur substan-
tially reduces the impact of quantal noise at high
temporal frequencies, whereas the optical blur does
not. A consequence of this difference is that high
spatial frequencies are more likely limited by quantal
noise (Pelli, 1990; Raghavan, 1995), whereas high
temporal frequencies are more likely limited by neural
noise.

In sum, the present study suggests that the
variation in motion sensitivity as a function of the
temporal frequency is mainly due to early temporal
filtering, not to the ability to select and integrate
motion. More specifically, we conclude that motion
sensitivity at high temporal frequencies is limited by
neural noise, not by quantal noise resulting from the
probabilistic absorption of photons by the photore-
ceptors.

Keywords: temporal sensitivity function, equivalent
input noise, calculation efficiency, temporal filtering,
external noise paradigm
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