0042-6989(95)00282-0 Printed in Great Britain

Vision Res., Vol. 36, No. 14, pp. 2069-2078, 1996
Pergamon Copyright © 1996 Published by Elsevier Science Ltd. All rights reserved
0042-6989/96 $15.00 + 0.00

Temporal Impulse Response Functions for
Luminance and Colour During Saccades

DAVID C. BURR,*1} M. CONCETTA MORRONE*
Received 10 May 1995; in revised form 16 October 1995

Previous work has shown that during saccadic eye movements, contrast sensitivity for low spatial
frequency patterns modulated in luminance is selectively reduced by up to one logarithmic unit,
while high spatial frequency patterns, and equiluminant patterns of all spatial frequencies are not
suppressed at all [Burr et al. (1994). Nature, 371, 511-513). Here we study the temporal
characteristics for sensitivity to luminance and chromatic patterns during saccades, using the two-
pulse summation technique. Sensitivity was measured for detecting two successive pulses as a
function of stimulus—onset asynchrony, during normal viewing and during saccades. Impulse
response functions were estimated from the summation data, for all conditions. For equiluminance,
the functions were monophasic during normal viewing and saccades. For luminance modulation,
the impulse response functions were di-phasic in both normal viewing and saccades. However,
during saccades the impulse responses were faster in normal viewing. This result is consistent with
the suggestion that saccadic suppression is mediated by contrast gain control mechanisms, known
to occur in M-cells but not P-cells. Copyright © 1996, Published by Elsevier Science Ltd.
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INTRODUCTION that would otherwise be seen to move during saccades.

As we view the world, we make frequent saccades in The fesults suggested that motion sen:sitivity was
order to foveate different areas of interest. Saccades are selectively suppressed during saccades, an idea that has

fast (200-800 deg/sec), but saccadic velocities are received further support from Shiori & Cavanagh (1989)
and Ilg & Hoffmann (1993).

More recently, Burr et al. (1994) have shown that
saccadic suppression occurs only for patterns modulated
in luminance contrast. Sensitivity to equiluminant
patterns is unaffected or even enhanced during saccades,
leading to the suggestion that the magnocellular (M)
pathway is selectively suppressed during saccades, while
the parvocellular (P) pathway retains its normal function,
or is even enhanced. This result has been reinforced by
measures of spectral sensitivity functions, shown to
acquire the characteristic “Sloan notch” during saccades,
the signature for chromatically opponent mechanisms
(Uchikawa & Sato, 1995), and during eyeblinks (Ridder
& Tomlinson, 1995). Furthermore, thresholds for noti-

certainly not beyond the resolution limit of human
vision. Contrast sensitivity for direction discrimination is
as good at 800 deg/sec for optimal (very low) spatial
frequencies as it is for gratings of higher spatial
frequency moving at slower speeds (Burr & Ross,
1982). As natural images tend to have most energy at
low spatial frequencies (Field, 1987), retinal image
motion during saccades should be a powerful stimulus
for motion detectors. Yet we are unaware of this motion,
and certainly not disturbed by it.

At least a part of the reason why we are undisturbed by
the image motion is that vision is actively suppressed
during saccades. This idea was first suggested by Holt

(1903), with supporting evidence coming later from cing i . . . .
ing image displacement are typically higher during

Volkman (1962), Latour (1962), Zuber & Stark (1966) saccades than in normal viewing, but not at equilumi-

and many others. However, Burr ez al. (1982) showed the - (Bridgeman & Macknik, 1995)

suppression to be highly selective for spatial frequency, i '

. . . - Although there remains considerable debate about the
occurring only at low spatial frequencies, the frequencies

roles of the M- and P-pathways, and the degree to which
they can be considered separate [for reviews see Shapley
(1990); Merigan & Maunsell (1993)], it is generally
*Istituto di Neurofisiologia del CNR, Via S. Zeno 51, Pisa, Italy. agreed that the M-pathway carries no useful colour
T e et o e e, " information (Merigan, 1989). AL cquiluminanc, thre
tDepartment of Psychology, University of Rome ‘la Sapienza’, Rome fore, colours should be discriminated by the P-pathway

Ttaly. alone. The selective suppression of low spatial frequen-
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cies is also consistent with a reduction in M-activity, as
the M-system seems more sensitive than the P-system at
low spatial frequencies (e.g., Merigan & Maunsell, 1990;
Merigan, 1991). There is also good evidence that the M-
pathway provides a major input to the putative motion
centres MT (middle temporal cortex) and MST (middle
superior temporal cortex) (Maunsell ef al., 1990), so its
suppression during saccades would explain the selective
suppression of motion perception.

The M- and P-pathways differ in their temporal
responses, with M-cells responding to gratings at higher
temporal frequencies than P-cells (Derrington & Lennie,
1984; but see also Discussion). We have, therefore,
investigated the temporal properties of vision during
saccades. Temporal characteristics are most conveniently
measured by steady-state techniques, with counterphased
or drifting stimuli (e.g., DeLange, 1952; Robson, 1966).
However, these techniques require that the stimulus
presentations be extended over time, and could, there-
fore, not be accommodated within the duration of the
saccade. Curtailing a visual stimulus, even without
temporal modulation, has the effect of spreading the
temporal frequency spectrum, so stimuli exposed briefly
will have wide range of frequencies around the nominal
temporal frequency. For example, a brief stationary
stimulus (say 20 msec) has a nominal temporal frequency
of 0 Hz, but in fact contains considerable energy over a
range of much higher frequencies (at least up to the
inverse of its duration, 50 Hz), and therefore is not
suitable to isolate the activity of detectors of low
temporal frequency preference.

An alternative technique is to estimate the impulse
response function from summation data for detection of
two pulses, as a function of pulse separation. This
technique has been applied to a variety of stimuli,
including large and small fields, gratings, and most
recently, equiluminant gratings and patches (e.g., Ikeda,
1965, 1986; Roufs, 1972; Watson & Nachmias, 1977
Burr & Morrone, 1993; Eskew e al., 1994). The general
finding is that the impulse response for luminance-
modulated stimuli of low spatial frequency content is
biphasic, or possibly triphasic (Tyler, 1992). At higher
spatial frequencies, the response becomes monophasic,
and somewhat slower (Watson & Nachmias, 1977). The
impulse response to colour is also monophasic or only
weakly biphasic, and slow (Uchikawa & Ikeda, 1986;
Swanson ef al., 1987; Burr & Morrone, 1993; Eskew et
al., 1994).

Here we apply a version of the two-pulse summation
technique to investigate impulse response during sac-
cades, for patterns modulated in luminance and chro-
matic contrast. Somewhat surprisingly, we find that
during saccades the impulse response for luminance
contrast remains biphasic, and is actually faster than that
for normal viewing. The impulse response for equilumi-
nant stimuli remains monophasic during saccades, and
very similar to that of normal vision.

D. C. BURR and M. C. MORRONE

METHODS

The stimuli were generated by framestore (Cambridge
Research Systems) and displayed on the face of a
Mitsubishi colour monitor, with suitable luminance
linearization, at 120 frames/sec and 600 lines/frame.
The waveforms were horizontal sinusoidal gratings of
0.075 c/deg, when viewed from 30 cm. The stimulus was
vignetted within a Gaussian patch with vertical and
horizontal space constants 13 and 17 deg (so the observer
saw a couple of bars of sinusoid). The monitor was
surrounded by a 1 x 1 m screen, floodlit to the same mean
luminance (10 cd/m?), and of similar colour.

The stimuli were modulated either in luminance or in
chromaticity, by combining red and green sinusoidal
gratings of identical contrast and luminance. The
luminance stimuli were made by summing the red and
green gratings in the same phase, and the chromatic
stimuli by summing them in counter-phase (subtracting
them). The CIE co-ordinates (x and y, respectively) were:
red —0.59, 0.35; green —0.29, 0.57. Equiluminance was
established by flicker photometry, adjusting the ratio of
the red-to-green luminance to produce minimal flicker of
the stimulus when modulated at 16 Hz. This value,
typically near the V; equiluminant point was also
checked during saccades, (evaluated as the colour mix
to yield least sensitivity of a brief flash), and found not to
change.

To measure summation, the gratings were briefly
presented (8 msec) twice, either in the same or opposite
polarity, with variable stimulus-onset asynchronies
(SOAs). For measurements during saccades, the contrast
of the second presentation was scaled so as to be equally
detectable to the first, given the variation of suppression
with time after saccade onset (measured independently).

Observers made large (20 deg) horizontal rightward
saccades between two fixation points. Saccades were
detected by electro-oculogram. Two silver electrodes
were positioned near the outer canthus of each eye, and a
third earth electrode on the forehead. The potentials were
suitably amplified and filtered (Kronhite, 0.01-100 Hz, 6
dB/oct), and fed into the computer analogue to digital
converter. On reaching a threshold voltage (the lowest
that did not give excessive false alarms), the computer
initiated the display on the next frame. Given a framerate
of 120 Hz, there was 8 msec variation in the actual start
time of the display. Both the electro-oculogram and the
stimulus presentation were displayed on an oscilloscope,
observed by one of the authors. If the stimulus did not
occur early in the saccade, or was erroncously triggered
before the saccade, the trial was aborted. In practice it
was seldom necessary to abort trials. Since completing
these experiments we have acquired a more sophisticated
eye monitoring system, and can estimate that the stimuli
tended to occur about 15-23 msec after the beginning of
each saccade. The saccades lasted about 50 msec.

Thresholds were measured using two techniques.
Thresholds were first measured with a yes—no staircase,
in which the observer reported whether the stimulus
appeared visible on each trial, by pressing the appropriate
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response button. For these measurements the Gaussian
patch of grating was always centred in the middle of the
screen. For observer MCM additional measurements
were also made with a two-alternative forced-choice
procedure, where she reported whether the stimulus
appeared above or below the centre of the screen (it was
in fact centred 7 deg above or below fixation, at random).
Both procedures gave very similar resuits, although more
trials were needed for a reliable estimate from the forced-
choice procedure. As the pattern of results was basically
similar, we plot only those for the forced-choice
procedure for observer MCM, and yes—no procedure for
observer DCB.

For both procedures, the contrast of the stimuli was
adjusted by the adaptive QUEST algorithm (Watson &
Pelli, 1983), that estimated thresholds after each trial and
placed the contrast of the following trial near that
estimate. The final estimate of threshold was made by
fitting the frequency-of-seeing functions (percent correct
versus contrast) for all trials of a given condition with a
cumulative Gaussian function:

L 1=5f (cr —k)°
plc)=~v+ ijx exp 52 dk (1)

where p is proportion correct, ¢ and & log-contrast, ¢t log-
contrast at threshold, y the probability of guessing the
correct response (0.5 for forced-choice, 0 for yes—no) and
o the standard deviation of the Gaussian. The two free
parameters, ¢ and ¢ were determined by minimizing the
residual mean square error between data and prediction,
using the simplex algorithm (Nelder & Mead, 1964).

RESULTS

Timecourse of saccadic suppression

The two-pulse technique studies the interaction
between two briefly presented pulses, as a function of
their separation in time. A basic requirement is that the
two should be equally detectable, when presented
independently. However, as they necessarily occur at
different delays after the onset of the saccade, they will
be subject to different amounts of suppression, and,
therefore, not equally detectable independently. As the
evidence suggests that saccadic suppression occurs early
in visual processing (Burr et al., 1994), it probably
precedes the site of interaction of the pulses. We
therefore scaled the second pulse in contrast to equate
it for sensitivity with the first.

To determine the amount by which the second pulse
should be scaled, we first measured how the suppression
varied with time after saccade onset. Figure 1 shows the
results, as a function of time after the onset of the saccade
(yes—no procedure for DCB, forced-choice for MCM).
The dashed and dotted lines show the thresholds during
free viewing, for luminance and colour, respectively. As
previously shown by several researchers, there was a
strong suppression of luminance stimuli for about 50
msec, which steadily decreased to reach the sensitivity
for free viewing after about 150 msec. For equiluminant
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FIGURE 1. (Top) Contrast sensitivity for detecting a Gaussian-
vignetted grating, as a function of duration after the onset of the
saccade. For this and the following figures, squares refer to stimuli
modulated in luminance, circles to equiluminant stimuli. For DCB,
thresholds were measured with a yes—no procedure, for MCM with a
forced-choice procedure requiring her to guess the location of the
patch. Delay refers to the time after the saccade was triggered, on
average 15-23 msec after the beginning of the saccade. (Bottom) The
amount by which the second pulse in the summation experiments were
scaled to equate for sensitivity. This was applied only for luminance
modulated stimuli.

stimuli, there was no suppression during the saccade, but
sensitivity was enhanced for a period after the saccade,
particularly for observer MCM.

The experiment shown in Fig. 1 is very similar to that
of our earlier report (Burr ef al., 1994; Fig. 2), with very
similar results (except for an overall scaling factor).
However, in the previous publication, the task was to
discriminate the colour or the brightness of the flash.
Here, observers were simply required to report whether
the flash was seen, or to report the position of the flash (as
these were the tasks used for the summation experi-
ments). It is apparent that the detection task used here
gives very similar results to the discrimination task of the
previous report.

Figure 1 shows the actual values used to attenuate the
second of the two pulses in the major experiment. The
attenuation was applied only for the luminance condition,
as it is clear that there is a rapid recovery from
suppression, and that the suppression occurs early..For
the first 42 msec, no correction was made, as the
difference was slight, and measurements of interaction as
a function of relative contrast showed maximum inter-
action with zero attenuation of the second pulse. For the
equiluminant stimuli, there seems to be a postsaccadic
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FIGURE 2. Contrast sensitivity for observer DB for detecting the double-pulse presentations as a function of stimulus—onset

asynchrony (SOA), using the yes—no technique. Open symbols refer to the in-phase condition, solid symbols to the out-of-phase

condition. As before, squares refer to luminance modulation, circles to chromatic modulation. The dashed and dotted lines show

sensitivity for a single pulse, in normal and saccadic conditions, respectively. The continuous curves are the estimates of
contrast sensitivity derived from the impulse response functions of Fig. 5.

enhancement of sensitivity, both for detection and for
colour discrimination. However, because this enhance-
ment is not yet well understood, may occur early or late in
visual processing, and because of its variability in
magnitude between observers, we did not introduce a

systematic attenuation of the second pulse for the major
experiments. However, for observer MCM, some mea-
surements were made with appropriate attenuation of the
second pulse in the chromatic condition, to show that this
did not substantially affect the results.
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FIGURE 3. As for Fig. 2, for observer MCM, using the two-alternative forced-choice technique.
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FIGURE 4. The amount of saccadic suppression, defined as the ratio of normal to saccadic sensitivity, as a function of stimulus
onset asynchrony. Symbols as before: solid symbols, out-of-phase; open symbols, in-phase; squares, luminance; circles, colour.

Two-pulse summation

To estimate the impulse response, thresholds were
measured for detecting pairs of briefly pulsed gratings
presented successively at various stimulus—offset asyn-
chronies. The two successive gratings were either in-
phase or 180 deg out-of-phase. The observers simply
reported whether the pattern was visible or not (DCB), or
guessed in forced-choice whether it fell above or below
the screen centre (MCM). Contrast sensitivity for the task
was defined as the inverse of the contrast of the first pulse
at threshold. For the luminance condition, the contrast of
the second pulse was attenuated with respect to that of the
first by the amount shown in Fig. 1.

Figures 2 and 3 show the results for the two observers.
The left-hand curves refer to luminance stimuli and the
right-hand curves to chromatic stimuli. Open squares
show data from the in-phase summation condition, and
solid circles for the out-of-phase condition. The upper
curves show data for normal viewing, the lower curves
during saccades. Note that the ordinate for the colour
condition is repeated to separate sensitivities during
normal and saccadic vision, as the thresholds were very
similar. For the luminance modulation, however, there
was strong suppression, so both results can be plotted on
the same ordinate without confusion.

Consider first the data for luminance modulation. At
very brief SOAs, Block’s law applies, so stimuli of the
same phase summate completely to yield a two-fold
increase in sensitivity (compared with the single
presentation). As the delay between pulse presentation
was increased, summation became progressively less. For
the out-of-phase stimuli, sensitivity first improved with
SOA, then slowly returned to values near that for the
single presentation. The results during saccades are
qualitatively quite similar to those of normal viewing,

with a clear advantage for the out-of-phase condition for
a range of SOAs. However, the out-of-phase curve
crosses the in-phase curve earlier during saccades than in
normal viewing, about 6 msec earlier for both observers.
At the shortest possible SOA (8 msec, the duration of the
frame), the sensitivity during saccades was about the
same as for the single pulse, whereas that in normal
viewing was attenuated by a factor of two (see also
Fig. 4).

As reported before (Burr & Morrone, 1993), the
summation results for equiluminant stimuli were quite
different. For same-contrast stimuli, summation de-
creased gradually with SOA (more gradually than the
luminance condition), reaching asymptote around 100
msec. For stimuli of opposite contrast, sensitivity
increased gradually with SOA, again asymptoting around
100 msec, without the sharp peak evident in the curves
for luminance stimuli. The results during saccades were
very similar to those of normal viewing, both in absolute
sensitivity and in the form of the curves. As mentioned
earlier, most of the data were collected without attempt-
ing to equate the two pulses for visibility, compensating
for the postsaccadic enhancement of equiluminant
stimuli. However, a few measurements were made for
observer MCM with the second pulse attenuated by a
factor of two (indicated by triangles). These data were not
used to calculate impulse response, but clearly do not
deviate greatly from the measurements without attenua-
tion.

Figure 4 plots the first few data points of Figs 2 and 3,
as the ratio of normal to saccadic sensitivity, for the in-
phase and out-of-phase conditions. For all these data
points, both pulses occurred early during the saccade so
no attenuation was applied to the second pulse. For the
luminance condition (squares), there was strong suppres-
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FIGURE 5. Impulse response functions derived from the sensitivity data of Figs 2 and 3, using the procedure described in the
text. Top panel shows functions for luminance, botom panel shows functions for colour. Thin curves show the results for normal
viewing, thick curves during saccades.

sion for both conditions, but more for the in-phase than
out-of-phase condition, particularly at the shorter SOA.
Greater suppression for the in-phase than the out-of-
phase condition during saccades means that the response
of the system becomes less sustained. For the equilumi-
nant gratings, there was very little suppression at all.
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Impulse response functions

The data of Figs 2 and 3 can be used to derive estimates
of impulse response during normal and saccadic viewing.
For this, some simplifying assumptions are necessary.
We assume small signal linearity, probability summation
of the response over time, and that the impulse response
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FIGURE 6. Temporal tuning functions during normal viewing (thin curves) and saccades (thick curves), obtained from Fourier
transform of the impulse responses of Fig. 5, for subject DB.
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FIGURE 7. Temporal tuning functions during normal viewing (thin curves) and saccades (thick curves), obtained from Fourier
transform of the impulse responses of Fig. 5 for subject MCM.

I(t) can be well approximated by an exponentially
damped, frequency modulated sinusoid, governed by
four free parameters:

1(t) = apH (t) rsin{2n[ayt(t + 1) “]}exp(—ast) (2)

where ¢ is time (in seconds). All parameters a; were
positive: a, governs the overall gain of the function, a,
the fundamental frequency of oscillation, a, the modula-
tion of frequency over time and a; the steepness of the
exponential decay. H(¢) is the Heaviside function:

H{t)=0.t<0
H(t)=1,t>;0

Put simply, equation (2) describes a function that
commences at zero, oscillates over time with decreasing
(or constant) frequency, while being progressively
damped to zero. It is multiplied by ¢ to ensure continuity
of the function and its first derivative at r=0. With four
free parameters, the function can take on a variety of
forms, corresponding to many reasonably stable filter
responses (see Burr & Morrone, 1993 for further details).
From the assumption of small signal linearity, the visual
response R(t, 7) to two stimuli of equal contrast presented
briefly with temporal offset ¢ will be given by the sum of
the two impulse responses I:

R(t,7) = k[I(t) + sT(t + 7)] (3)

where s = + 1, depending on whether the gratings were in
phase or not.

From the probability summation assumption, sensitiv-
ity S(r) at SOA 1 is determined by raising the absolute
value of the function R(t,7) to the power f3, integrating
over time, and raising the result to the power 1/8, with

taken as 3.5, consistent with measurements in the
literature (see Pelli, 1985) and with those in this study.

str) = |[ e,y " @)

As the integral of equation (4) is not easily solved
analytically, we calculated the parameters for the impulse
response functions with an iterative computer procedure
(simplex: Nelder & Mead, 1964) that minimized the least
squares error between data and predictions. The average
deviation from the data (given by the square root of the
average squared residual) was less than 1 dB (<0.05 log-
units). The continuous curves of Figs 2 and 3 show the
thresholds predicted from the impulse response. In all
cases the curves follow the data reasonably well.

Figure 5 shows the hypothetical impulse response
functions that produced the best fit of the data of Figs 2
and 3. The thin curves refer to normal viewing, the thick
curves to saccades. For both normal and saccadic
viewing, the luminance impulse response was biphasic,
with a clear negative lobe following the initial positive
response. However, the response during saccades is
faster, with a time-to-peak of 12 msec rather than 20 msec
in normal viewing (for both observers). The impulse
response for chromatic contrast is monophasic in both
normal and saccadic viewing, and very similar in form.

Temporal frequency tuning

For a linear system, the temporal frequency tuning
function is directly related to the impulse response by
means of the Fourier transform. As we have assumed an
approximation of linearity near threshold, hypothetical






