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Supplementary Methods: Faithful rendering of high-speed motion

The current study relied on high-speed projections using a projector that enables frame rates of 1440 Hz. This
high frame rate was necessary to move stimuli at or above the speed of saccadic eye movements. The range of
speeds that can be displayed in smooth quasi-continuous motion without aliasing is a function of the stimulus’
spatial frequency: The stimulus must not shift more than by half a cycle of its spatial frequency. The frame rate of
our projection system (1440 Hz) allowed for speeds of up to 720 dva/s at a spatial frequency of 1 cpd (Figure S1a).
Higher and lower speeds could be achieved for lower and higher SFs, respectively, shaping the speed gamut of our
display. For comparison, speed would have been limited to 60 dva/s for a 1 cpd grating, at a conventional frame
rate of 120 Hz, resulting in a much more confined speed gamut (Figure S1b). For illustration, the maximum stimulus
speed used in Experiment 1 was 442.8 dva/s, which shifted the stimulus by 0.31 phases (i.e., 0.31 dva for a spatial
frequency of 1 cpd) for a total of 39 frames during the 27.1 ms movement duration. On a 120 Hz screen, the same
speed and amplitude combination would have shifted the 1 cpd stimulus by 3.69 phases (i.e., 3.69 dva for a spatial
frequency of 1 cpd), effectively a succession of five still frames during the 27.1 ms of stimulus motion.

Recent studies have indeed shown that high temporal resolution of displays also significantly improves human
motion perception, both subjectively by reducing image jerkiness and blur'™* and objectively by increasing perfor-
mance in motion-related visual tasks® and visual responses in electrophysiological brain measurements®.
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Figure S1 | Displaying motion faithfully at high speeds. Combinations of speeds and spatial frequencies that can be displayed without aliasing
(blue shaded area) on a the 1440 Hz projector used in the experiments reported here and b a regular 120 Hz display. ¢ Setup for stimulus speed
measurements using two photodiodes. We measured the time between the maximum response of two photodiodes (At) placed 2 dva apart and
compared it to the expected At for a 2 dva movement given a specified stimulus speed. d At as a function of movement amplitude, speed, and
direction. Transparent bold lines and opaque thin lines (which overlap perfectly for each amplitude condition) indicate leftward and rightward
motion, respectively. Standard deviations of At (not displayed) were below 1 ms for every condition. Dotted black lines indicate At as expected
for a given condition.

We performed photodiode measurements to ensure accurate timing of the 1440 Hz projection and to ascertain
that the physical speed of stimuli corresponded to our specifications. We used a LM03 light meter (Cambridge Re-
search Systems Ltd., Rochester, UK), a device previously applied to evaluate the timing of computer monitors’®, to
record one second of luminance measurements from two photodiodes at 4000 Hz. We aligned the two photodi-
odes horizontally, each with a distance of 1 dva from the screen center (Figure S1c), resulting in a distance of 2 dva
between the two sensors. We collected data from 1427 trials, in which a white Gaussian blob on black background
traveled across the two sensors with varying movement amplitudes and relative movement speeds (v, = {1/4, 1/3,
1/2,2/3,4/5,1, 5/4}) as used in our experiments. As speed was fixed during each trial, the time passed between the
two photodiode responses directly indicated the speed at which the stimulus traveled across the screen. Physical
stimulus speed was indeed exactly as specified for both leftward and rightward motion directions, and across all
movement amplitudes (Figure S1d). Minimal code to drive the LMO3 light meter, as well as data and analyses of the
above described measurements are provided at https://github.com/richardschweitzer/LMO3_lightmeter.


https://github.com/richardschweitzer/LM03_lightmeter
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Supplementary Note 1: Results of statistical models (Exp. 1)

Table S1| Mode and 95% Cls (in logyg-units) for parameter estimates in Experiment 1 when reparameterizing thresholds as orthogonal contrasts
(N =10 observers). Analyses are shown separately for absolute speed, relative speed, absolute duration, and relative duration of the movement.

Asterisks indicate Cls that do not include zero.

Contrast Mode C|0,025 C|0_975
Absolute speed
Amplitude  Intercept 2.166 2139 2193 *
Linear 0.584 0.514 0.651 *
Quadratic  -0.185  -0.237 -0.141  *
Cubic 0.042 0.008 0.085 *
Quartic -0.070 -0.166 0.049
Relative speed
Amplitude  Intercept -0.278  -0.306 -0.251  *
Linear -0.059 -0.126 0.007
Quadratic  -0.002  -0.050 0.054
Cubic 0.006  -0.030 0.046
Quartic -0.048 -0.136 0.061
Absolute duration
Amplitude  Intercept 1.706 1.679 1.733
Linear 0.592 0.527 0.661
Quadratic  -0.030  -0.079 0.020
Cubic -0.005 -0.048 0.023
Quartic 0.065 -0.056 0.150
Relative duration
Amplitude  Intercept -0.104 -0122  -0.086 *
Linear -0.031 -0.074 0.009
Quadratic  0.006  -0.029 0.038
Cubic 0.004  -0.021 0.031
Quartic -0.018  -0.093 0.066
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Supplementary Note 2: Visibility thresholds for detection of high-speed motion (Exp. 2a)

In a variant of Experiment 1, we eliminated the vertical component of the stimulus’ movement trajectory such that it
followed a straight horizontal path (Figure S2a) while maintaining the same range of horizontal speeds (Figure S2b-
c). We manipulated the presence of continuous, horizontal motion. In motion-absent trials (50%), the stimulus was
blanked for the movement duration D and displaced to its new location. Observers were asked to distinguish motion-
present from motion-absent trials, providing us with a measure of visibility in which the curvature of the path was
eliminated. All other aspects of the task were identical to Experiment 1.

For each observer, we calculated visual sensitivity as d’ = z(HR)—z(FAR), that is, the difference of z-transformed
hit rates (HR) and false alarm rates (FAR) for each combination of movement amplitude and speed. We then fitted
(nonlinear least-squares) the mean across observers with a Naka-Rushton function,

dy = dy, —0 1
A maz,n 4 Ugo ( )
where d’, is sensitivity as a function of movement amplitude A, d'max is the asymptotic performance at low speeds,
n reflects the slope, and vg; is the speed at half the asymptotic performance, that is, the visibility threshold.

In this detection task, performance was generally lower than in the discrimination task (Exp. 1), but showed the
same dependence on movement amplitude and speed. Expressed as a function of absolute stimulus speed (Fig-
ure S2d, left), performance systematically increased with movement amplitude (fixed-effect estimates of a linear
mixed effects model with random effects for intercept 5y and slope 3 3y = 53.64 dva/s, t(48) = 9.08, p < 0.001;
B =6.12s",1(48) = 12.60, p < 0.001), shifting psychometric functions systematically to the right. Visibility thresholds
(Figure S2d, right) closely followed the prediction based on the main sequence (solid white lines), with remarkable
consistency across observers (gray lines). Expressed as a function of relative movement speed (Figure S2e, left),
psychometric functions collapsed, such that thresholds settled around 36% of saccadic peak velocity (Figure S2e,
right) with little to no variation across movement amplitudes (3, = 0.389 v,, t(48) = 13.82, p < 0.007; 8 =-0.003 v,,/dva,
t(48) =-1.63, p = 0.109). Again this confirmed the prediction based on the main-sequence relation of saccades.

These results show that the vertical component of movement trajectories in our discrimination task was not a
critical factor for the pattern of results in Experiment 1. The fact that observers’ sensitivity collapsed to zero at high
speeds highlights that continuous motion was indeed phenomenologically indistinguishable from apparent motion.
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Figure S2 | Motion detection thresholds for constant velocity profiles (Exp. 2a). a Trial procedure. Observers (N = 10) judged whether the stimulus
jumped (Motion absent; stimulus blanked) or moved continuously on a straight horizontal path (Motion present) from its initial to its final location.
b Absolute speed for each movement amplitude for relative speed of 1. ¢ Relative movement speeds for 4 dva amplitude. d-e Performance (left)
and visibility thresholds (vsg, right) obtained from best-fitting Naka-Rushton functions as a function of absolute and relative movement speed,
respectively, plotted for each amplitude. Conventions as in Figure 3a and b.
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Supplementary Note 3: Visibility thresholds for detection of high-speed motion with saccadic velocity profiles
(Exp. 2b)

In a variant of Experiment 2a (Figure S3a), we varied the speed of the stimulus over time to mimic the velocity profile
of a saccade (Figure S3b; see Methods). We increased the range of relative movement speeds up to twice the
saccadic peak velocity, as we expected higher performance from time-varying velocity profiles. As in Experiment 23,
participants reported whether the stimulus moved continuously (motion present) or instead, jumped (motion absent)
fromits initial to its final location. To prevent that observers used sudden onsets and offsets to establish the absence
of motion, we used the velocity profile of the motion-present condition for a contrast ramp (see Methods for details).

It is important to note that perceptual omission during active saccades is imperfect due to slow velocities during
the acceleration and deceleration phases of the movement®, and the duration of these phases depend on movement
amplitude®. We thus predicted thresholds to depend moderately on movement amplitude, but in a way that is incon-
sistent with a fixed velocity threshold. Indeed, while on average performance was higher compared to a constant
velocity profile (Supplementary Note 2), it showed a clear dependence on movement distance and speed. Expressed
as a function of absolute stimulus speed (Figure S3d, left), performance systematically increased with movement
amplitude (fixed-effect estimates of a linear mixed effects model with random effects for intercept 3, and slope 3:
Bo = 25.98 dva/s, t(48) = 2.73, p = 0.009; 3 = 22.56 s, t(48) = 10.78, p < 0.001), shifting psychometric functions
systematically to the right. Visibility thresholds (Figure S3d, right) again closely followed the prediction based on the
main sequence (solid white lines), with slightly steeper slopes and remarkable consistency across observers (gray
lines). Expressed as a function of relative movement speed (Figure S3e, left), the distance between psychometric
functions decreased markedly, and thresholds settled around 60 to 80% of saccadic peak velocity (Figure S3e, right).
As predicted, there remained a small but significant increase with movement amplitude (8, = 0.456 v,, t(48) = 6.67,
p <0.007; 8 =-0.03 v,/dva, t(48) = 7.64, p < 0.001), which was inconsistent with the prediction of a constant velocity
threshold (dashed white lines).

These results confirm that visibility thresholds systematically depend on movement amplitude in a way well-
described by the main-sequence relation of saccadic eye movements. Moreover, they suggest that our key find-
ings are relevant to saccadic omission'’: Perceptual omission from time-varying velocity profiles is consistent with
omission experienced during active saccades®.
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Figure S3 | Motion detection thresholds for saccadic velocity profiles (Exp. 2b). a Trial procedure. Observers (N = 10) judged whether the stimulus
jumped (Motion absent; contrast ramped down to zero contrast, jumped to its new location before ramping up to full contrast again) or moved
continuously on a straight horizontal path (Motion present) from its initial to its final location. b Absolute speed for each movement amplitude
for relative speed of 1. ¢ Relative speeds for 4 dva amplitude. d-e Performance (left) and visibility thresholds (vsq; right) obtained from best-fitting
Naka-Rushton functions as a function of absolute and relative speed, respectively, plotted for each amplitude. Conventions as in Figure 3a and b.
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Supplementary Note 4: Variability in visibility thresholds and saccade kinematics (Exp. 3 and 4)

Experiments 3 and 4 extended our protocol from horizontal to vertical motion. Experiment 3 showed that, for each
movement direction, performance depended on a conjunction of movement amplitude, speed, and duration (Fig-
ure S4), such that visibility thresholds were well predicted by the standard main-sequence relations for peak velocity
(Figure S4a) and duration (Figure S4b). Visibility thresholds for absolute and relative speed were higher for rightward
compared to leftward and for downward compared to upward motion (Table S2 and Table S3). Similarly, visibil-
ity thresholds for absolute and relative duration were lower for rightward compared to leftward and for downward
compared to upward motion (Table S4 and Table S5). These threshold differences between movement directions
were consistent across observers and replicated in Experiment 4 with a larger sample tested in a single movement
amplitude (8 dva; Figure S4a,b).

For each participant in Experiments 3 and 4, we also recorded visually-guided saccades (4 to 12 dva) in separate
blocks of trials, and estimated each individual's retinal motion kinematics during saccades (see Methods, Analysis
of saccade kinematics). Specifically, we fitted all saccades’ velocity profiles with a biophysical model that isolated
the relevant eyeball velocity from the recorded pupil velocity''?. Movement speed and duration related tightly to
saccade amplitude, defining the main-sequence. We thus fitted each individuals’ eyeball kinematics (peak velocity
and saccade duration), separately for each movement direction, with functions that capture the respective main-
sequence relation. These relations varied both across individuals and, within individuals, across saccade directions
(Figure S4c,d). Specifically, across both experiments, and consistent with previous findings'™'°, upward saccades
compared to downwards saccades were faster (Exp. 3: t(5) = 5.13, p = 0.004; Exp. 4: t(35) = 5.44, p < 0.007) and of
shorter duration (Exp. 3: t(5) =-4.63, p = 0.006; Exp. 4: (35) =-4.94, p < 0.001), while leftward and rightward saccades
did not differ in their peak velocities and durations (all ps > 0.21).
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Figure S4 | Visibility thresholds and saccadic main sequence in Experiments 3 and 4 as a function of movement amplitude and retinal direction.
Visibility thresholds were obtained from psychometric functions fitted to observers’ performance as a function of a absolute movement speed, b
absolute movement duration (analogous to Figure 3a,c). For each movement direction (color coded), the modes of estimated threshold param-
eters of the psychometric functions are shown as a function of movement amplitude. ¢ Saccade speed and d saccade duration are shown as a
function of movement amplitude and retinal direction. To allow for direct comparison of visibility thresholds and saccade data, color codes refer
to the movement's retinal direction (i.e., for saccades this is the direction opposite of the saccade’s spatial direction, corresponding to the motion
direction of of the retinal image during the saccade). For Experiment 3, values averaged across observers (N = 6; thick opaque lines) are shown
along with each individual's data (thin transparent lines). Error bands are 95% credible intervals. For Experiment 4, violin plots show distributions
of individual data (N = 36; gray lines). Solid white lines in the background indicate predictions in which thresholds depend on movement am-
plitude, proportional to the standard main sequence; dashed white lines indicate predictions in which thresholds are independent of movement
amplitude.
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Table S2 | Mode and 95% ClIs (in logqg-units) for parameter estimates in Experiment 3 when reparameterizing absolute-speed thresholds as
orthogonal contrasts (N = 6 observers). For directon conditions R, L, U, and D correspond to rightward, leftward, upward, and upward retinal
motion, respectively. Asterisks depict coefficients for which the C/ does not include zero.

Contrast Mode  Clg.o25 Clo.o7s
Intercept 2.198 2.150 2243 *
Direction LR - DU -0.288 -0.704 0.128
L - R 0.380 0.264 0.505 *
D - U -0342 -0429 -0.247  *
Direction  Linear 0.586 0.465 07176 *
(Rightward)  Quadratic -0135  -0.226  -0.061 *
Cubic 0.045 -0.019 0.108
Quartic -0.010  -0.220 0.184
Direction  Linear 0.569 0.499 0.647
(Leftward)  Quadratic -0.238  -0.330  -0.140
Cubic 0.043 -0.084 0.175
Quartic 0.002 -0.226 0.163
Direction  Linear 0.496 0.302 0.707
(Downward)  Quadratic -0.234  -0.339 -0.145
Cubic 0.076  -0.037 0.195
Quartic 0.059 -0.141 0.309
Direction  Linear 0.436 0.264 0.623
(Upward)  Quadratic -0.184  -0.290 -0.071
Cubic 0.106 0.020 0.178
Quartic -0.041 -0.267 0.214

Table S3 | Mode and 95% CIs (in logyp-units) for parameter estimates in Experiment 3 when reparameterizing relative-speed thresholds as or-
thogonal contrasts (N = 6 observers). For directon conditions R, L, U, and D correspond to rightward, leftward, upward, and upward retinal motion,
respectively. Asterisks depict coefficients for which the C/ does not include zero.

Contrast Mode C|0,025 C|0,975
Intercept -0.248 -0.292  -0.200 *
Direction LR - DU -0.285 -0.709 0.135
L - R 0.382 0.264 0.503 *
D - U -0.343 -0.432 -0.243 *
Direction  Linear -0.051 -0.181 0.073
(Rightward)  Quadratic 0.039 -0.026 0.130
Cubic 0.004  -0.059 0.071
Quartic -0.013  -0.205 0.205
Direction  Linear -0.063 -0.140 0.006
(Leftward)  Quadratic -0.050 -0.131 0.043
Cubic 0.002 -0.121 0.127
Quartic 0.009 -0.196 0.177
Direction  Linear -0.140 -0.343 0.067
(Downward)  Quadratic -0.048 -0.148 0.043
Cubic 0.035 -0.082 0.153
Quartic 0.110 -0.121 0.332
Direction  Linear -0.200 -0.374 -0.018  *
(Upward)  Quadratic 0.008  -0.098 0.112
Cubic 0.061 -0.026 0.151
Quartic -0.030 -0.256 0.227
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Table S4 | Mode and 95% Cls (in logqg-units) for parameter estimates in Experiment 3 when reparameterizing absolute-duration thresholds as
orthogonal contrasts (N = 6 observers). For directon conditions R, L, U, and D correspond to rightward, leftward, upward, and upward retinal
motion, respectively. Asterisks depict coefficients for which the C/ does not include zero.

Contrast Mode  Clg.o25 Clo.g7s
Intercept 1.675 1.627 1721 *
Direction LR - DU 0.289 -0.145 0.716
L - R -0.380 -0.501 -0.265 *
D - u 0.341 0.250 0428 *
Direction  Linear 0.590 0.461 0721 *
(Rightward)  Quadratic -0.072  -0161  -0.004 *
Cubic -0.008 -0.072 0.055
Quartic 0.009 -0.201 0.214
Direction  Linear 0.609 0.529 0.683 *
(Leftward)  Quadratic 0.010  -0.079 0.105
Cubic -0.016 -0.126 0.112
Quartic 0.018 -0.185 0.205
Direction  Linear 0.673 0.468 0.875 *
(Downward)  Quadratic 0.015 -0.077 0.124
Cubic -0.043 -0.156 0.072
Quartic -0.087  -0.309 0.114
Direction  Linear 0.736 0.546 0909 ~*
(Upward)  Quadratic -0.046 -0.147 0.058
Cubic -0.061 -0.150 0.018
Quartic 0.032 -0.223 0.264

Table S5 | Mode and 95% CIs (in logyp-units) for parameter estimates in Experiment 3 when reparameterizing relative-duration thresholds as
orthogonal contrasts (N = 6 observers). For directon conditions R, L, U, and D correspond to rightward, leftward, upward, and upward retinal
motion, respectively. Asterisks depict coefficients for which the C/ does not include zero.

Contrast Mode C|0,025 C|0‘975
Intercept -0.076 -0.110 -0.042  *
Direction LR - DU -0.227 -0.507 0.091
L - R 0.325 0.202 0458 *
D - U -0.260 -0.332 -0.180  *
Direction  Linear -0.026 -0.098 0.047
(Rightward)  Quadratic 0.035 -0.024 0.085
Cubic -0.001 -0.045 0.046
Quartic 0.011 -0.122 0.139
Direction  Linear -0.075 -0.152 0.005
(Leftward)  Quadratic -0.046  -0.140 0.044
Cubic 0.014  -0.099 0.138
Quartic 0.010  -0.208 0.193
Direction  Linear -0.132 -0.310 0.053
(Downward)  Quadratic -0.016 -0.111 0.046
Cubic 0.039  -0.054 0.123
Quartic 0.121 -0.054 0.286
Direction  Linear -0.120 -0.228 -0.009 *
(Upward)  Quadratic 0.003  -0.066 0.060
Cubic 0.038 -0.014 0.087
Quartic -0.008 -0.151 0.141
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Supplementary Note 5: Stepwise regressions (Exp. 3 and 4)

Saccade amplitude (manipulated in Exp. 3, but not in Exp. 4), saccade direction, and individual differences in saccade
kinematics each contribute to the speed of visual motion that saccades impose on the retina (i.e., retinal speed, in
the opposite direction of the saccade itself). To isolate the unique contributions of these variables to the variation
in visibility thresholds, we performed stepwise hierarchical regressions and included predictors (direction coded as
a categorical variable with leftward as a reference) in order of ABIC magnitude (reduction in Bayesian Information
Criterion) when included individually in the model.

In Experiment 3, when included individually, all variables explained variance in speed thresholds (Direction: ABIC =-
8.24, Amplitude: ABIC =-114.43; Retinal speed: ABIC =-130.00). Stepwise inclusion showed that unique variance in
speed thresholds (Figure 5a, left) was explained by each predictor, individual differences in retinal speed (3 = 0.14,
SE =0.05,t=2.81, p = 0.006), saccade amplitude (8 = 6.15, SE = 1.28, t = 4.81, p < 0.001) and direction (Right: 3 = -
29.63,SE=3.86,t=-7.68,p<0.001;Up: §=-25.82,SE=5.22,t=-494,p < 0.001; Down: 8 =-11.54, SE =3.92,t=-2.94,
p < 0.001), capturing a total of 81.4% of variance in visibility thresholds (F = 99.9, p < 0.001). As an alternative mode|,
we set up the regression using individual differences in spatial speed (i.e., the direction of the saccade was the same
as the direction of motion) instead of retinal speed as a predictor and compared this model to the model including
retinal speed. The model using retinal speed was 12.8 times more likely to account for the data (log(BFqg) = 12.8;
ABICqg = -58.82). Finally, we repeated this regression predicting thresholds from the individual differences in speed
+90°away from saccade direction, again confirming the superiority of the regression based on retinal direction (+90°:
log(BF1g) = 19.3; ABICqg = -88.83; —90°: log(BF1g) = 9.2; ABICq = -42.58).

Knowing from Experiment 1 that amplitude relates to speed in similar ways for visibility thresholds as for sac-
cades, we expected large correlations between saccade kinematics and visibility thresholds in Experiment 3. The
regression analysis, however, shows that individual and direction-specific differences in the saccadic main sequence
are predicted specifically by the retinal direction of saccades, and reflected in visibility thresholds above and beyond
the general amplitude-speed relation.

Experiment 4 replicated these results, notably in the absence of an amplitude manipulation, thus controlling for
the impact of amplitude on speed experimentally rather than statistically. Here, both saccade direction and retinal
speed explained variance in visibility thresholds when included individually (Direction: ABIC =-27.28, Retinal speed:
ABIC =-13.35). Indeed, retinal speed (8 = 0.18, SE = 0.05,t = 3.95, p < 0.001) and saccade direction (Right: 5 =-28.24,
SE =469,t=-6.02, p<0.001; Up: B =-18.44, SE =498, t =-3.70, p < 0.007; Down: 8 =-5.76, SE = 4.69, t = -1.23,
p = 0.222) explained unique variance, yielding a total of 32.9% of variance explained (F = 17.1, p < 0.007). As before,
we repeated the regressions using individual differences in spatial speed as well as the speed of saccades +£90°away
from saccade direction, by and large supporting the superiority of the regression model based on retinal direction
(spatial: log(BFqg) = 3.5; ABICqg =-15.97; +90°: log(BF10) = 4.0; ABIC =-18.25; =90°: log(BF10) = 0.7; ABIC1g =-3.31).

Using the same approach as for speed thresholds, we predicted duration thresholds (Figure 5b). In Experiment 3,
all variables explained variance in duration thresholds when included individually (Direction: ABIC =-1.88, Amplitude:
ABIC = -164.86; Retinal speed: ABIC =-143.64), but only saccade amplitude (3 = 3.48, SE = 0.13,t = 27.32, p < 0.007)
and direction (Right: 8 =-8.13, SE = 1.02, t =-11.97, p < 0.007; Up: 8 =-10.45, SE = 1.02, t = -10.26, p < 0.001; Down:
B=-3.73,SE =1.02,t=-3.66, p < 0.001) explained unique variance, capturing a total of 88.3% of variance in duration
thresholds (F = 99.9, p < 0.001). Adding retinal speed (ABIC = 2.73)to the model did not explain additional variance.
However, when we repeated the regressions using individual differences in spatial speed as well as the speed of
saccades +90°away from saccade direction, we found support of the superiority of the regression model based on
retinal direction (spatial: log(BF1g) = 15.3; ABICqg =-70.35; +90°: log(BFqg) = 21.1; ABICg =-97.19; =90°: log(BF1q) =
11.9; ABICy = -54.75).

In Experiment 4, in the absence of an amplitude manipulation, movement direction (Direction: ABIC =-25.07) and
retinal speed (Retinal speed: ABIC = -5.54) explained variance when included as individual predictors.Importantly,
both saccade direction (Right: 3=9.69, SE =1.68,t=-5.77,p < 0.001; Up: 8=5.74,SE =1.84,t=3.11,p = 0.002; Down:
B=1.18,SE =1.68,t=0.70, p = 0.482) and retinal speed (8 = 0.39, SE = 0.14, t = 2.90, p = 0.004) explained unigue
variance in duration thresholds, yielding a total of 28.6% of variance explained (F = 13.9, p < 0.001). Once more, we
repeated the regressions using individual differences in spatial speed as well as the speed of saccades £90°away
from saccade direction, by and large supporting the superiority of the regression model based on retinal direction
(spatial: log(BF+g) = 2.1, ABICyg =-9.87; +90°: log(BF1g) = 2.2; ABIC =-10.26; =90°: log(BF1g) = 0.0; ABIC; =-0.09).
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Thus, across both experiments, we found that individual saccade kinematics predict visibility thresholds for high-
speed stimuli presented during fixation. As predicted, these correlations were specific to the retinal as opposed to
the spatial direction of saccades (results reported in main text). Even when controlling for the mediating influence of
movement amplitude on these correlations—either statistically (Exp. 3) or experimentally (Exp. 4)—the retinal speed
imposed by saccades explained unique variance in visibility thresholds. The only exception from this was the predic-
tion of duration thresholds in Exp. 3, for which saccade amplitude and direction left barely any variance unexplained.
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Supplementary Note 6: Results of statistical models for relative movement speed (Exp. 5)

Table S6 | Mode and 95% CIs (in logg-units) for parameter estimates in Experiment 5 when reparameterizing relative-speed thresholds as or-
thogonal contrasts (N = 11 observers). For static-endpoint duration (Stat-end-dur), conditions 1, 2, 3, and 4 correspond to 0, 12.5, 50, and 200 ms,
respectively. Asterisks indicate Cls that do not include zero.

Contrast Mode C|0,025 C|0_975
Intercept -0.248 -0.280 -0.216  *
Statend-dur 1 - 234 2740 -2.456 -1.820  *
2 - 34 -0279 -0453 -0124 ~*
3 - 4 -0.078 -0.129 0.008
Amplitude  Linear -0.857 0942 -0790 *
(Oms)  Quadratic 0.185 0.113 0276 *
Cubic -0.020  -0.084 0.036
Quartic 0.055  -0.072 0.178
Amplitude  Linear -0.166  -0.229  -0.098 *
(12.5ms)  Quadratic -0.058  -0126  -0.005 *
Cubic -0.030  -0.080 0.028
Quartic 0.001 -0.147 0.144
Amplitude  Linear -0.049  -0.122 0.016
(50 ms)  Quadratic -0.024  -0.106 0.074
Cubic -0.001  -0.052 0.058
Quartic -0.049  -0.250 0.183
Amplitude  Linear -0.067 -0.131 0.012
(200 ms)  Quadratic -0.0M -0.107 0.085
Cubic -0.058  -0.155 0.039
Quartic -0.000  -0.236 0.228
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Supplementary Note 7: Results for absolute movement speed and movement duration (Exp. 5)

When describing Experiment 5 in the main text, we reported an analysis of visibility thresholds as a function of
relative movement speed. Here, we also report the corresponding analyses as a function of absolute movement
speed (Figure S5a; Table S7), absolute movement duration (Figure S5b; Table S8), and relative movement duration
(Figure S5c; Table S9) for each movement amplitude and pre- and post-movement stimulus duration.

Table S7 | Mode and 95% ClIs (in logyg-units) for parameter estimates in Experiment 5 when reparameterizing absolute-speed thresholds as
orthogonal contrasts (N = 11 observers). For static-endpoint duration (Stat-end-dur), conditions 1, 2, 3, and 4 correspond to 0, 12.5, 50, and
200 ms, respectively. Asterisks depict coefficients for which the C/ does not include zero.

Contrast Mode Clp.o25 Clo.g7s
Intercept 2.196 2.163 2230 *
Statend-dur 1 - 234 2724 2464  -1823 *
2 - 34 -0275 -0454 -0124 ~*
3 - 4 -0.058 -0.131 0.002
Amplitude  Linear -0.229 -0.313 -0.150  *
(Oms)  Quadratic 0.008  -0.073 0.084
Cubic 0.018  -0.049 0.074
Quartic 0.028 -0.094 0.174
Amplitude  Linear 0.480 0.415 0546 *
(12.5ms)  Quadratic -0.248  -0.313  -0.194 *
Cubic 0.015  -0.036 0.066
Quartic -0.011 -0.169 0.121
Amplitude  Linear 0.587 0.518 0.662 *
(50 ms)  Quadratic -0.205  -0.301 -0.120  *
Cubic 0.044  -0.020 0.095
Quartic -0.076  -0.274 0.155
Amplitude  Linear 0.577 0.510 0.649 =
(200ms)  Quadratic -0.203  -0292 -0.102 *
Cubic -0.011 -0.118 0.074
Quartic -0.030  -0.248 0.209

Table S8 | Mode and 95% Cls (in logqg-units) for parameter estimates in Experiment 5 when reparameterizing absolute-duration thresholds as
orthogonal contrasts (N = 11 observers). For static-endpoint duration (Stat-end-dur), conditions 1, 2, 3, and 4 correspond to 0, 12.5, 50, and 200 ms,
respectively. Asterisks depict coefficients for which the C/ does not include zero.

Contrast Mode Clg.g25 Clo.g7s
Intercept 1.677 1.643 1710 *
Statend-dur 1 - 234 2746 1.827 2453 %
2 - 34  0.285 0.124 0457 *
3 - 4 0.063 0.000 0126 *
Amplitude  Linear 1.404 1.326 1484 *
(Oms)  Quadratic -0.214  -0305 -0.145 *
Cubic 0.019  -0.043 0.082
Quartic -0.025  -0.182 0.077
Amplitude  Linear 0.692 0.632 0761 *
(12.5ms)  Quadratic 0.026  -0.030 0.091
Cubic 0.014  -0.036 0.070
Quartic -0.001 -0.128 0.151
Amplitude  Linear 0.594 0.510 0.660 *
(50 ms)  Quadratic -0.011 -0.108 0.076
Cubic -0.014  -0.067 0.041
Quartic 0.062  -0.162 0.262
Amplitude  Linear 0.609 0.529 0.665 *
(200 ms)  Quadratic -0.014 -0.114 0.078
Cubic 0.050 -0.042 0.147
Quartic -0.011 -0.227 0.236
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Table S9 | Mode and 95% CIs (in logyg-units) for parameter estimates in Experiment 5 when reparameterizing relative-duration thresholds as
orthogonal contrasts (N = 11 observers). For static-endpoint duration (Stat-end-dur), conditions 1, 2, 3, and 4 correspond to 0, 12.5, 50, and
200 ms, respectively. Asterisks depict coefficients for which the C/ does not include zero.

Contrast Mode  Clo.o25  Clo.g7s
Intercept -0.065 -0.091 -0.039 *
Statend-dur 1 - 234 2416  -2.873 -1.971
2 - 34 -0.193 -0.314 -0.076 *

3 - 4 -0.042 -0.082 0.000
Amplitude  Linear -1.090 -1.250 -0950 *
(Oms)  Quadratic 0.417 0.316 0530 *

Cubic -0.057  -0.129 0.021

Quartic -0.004 -0.141 0.148
Amplitude  Linear -0.111 -0.150  -0.066 *
(12.5ms)  Quadratic -0.044  -0.085 -0.006 *

Cubic -0.012  -0.053 0.025

Quartic -0.009  -0.100 0.109

Amplitude  Linear -0.024 -0.077 0.030

(50 ms)  Quadratic -0.002  -0.058 0.046

Cubic 0.005 -0.034 0.036

Quartic -0.016 -0.147 0.129

Amplitude  Linear -0.032  -0.078 0.012

(200 ms)  Quadratic -0.015  -0.064 0.048

Cubic -0.025  -0.085 0.024

Quartic -0.023 -0.152 0.133
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Figure S5 | Pre- and post-movement stimulus presence gives rise to main-sequence relation in motion visibility. Psychometric functions and
resulting visibility thresholds, expressed as a absolute movement speed, b absolute movement duration, and ¢ relative movement duration are
shown as a function of movement amplitude and pre- and post-movement stimulus duration, varied between 0 ms (left), 12.5 ms (center-left),
50 ms (center-right), and 200 ms (right). Data were obtained from N = 11 observers completing a total of 57,672 trials. Conventions as in Figures
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Supplementary Note 8: Grid-search analyses

To explore the parameter space of the Early-vision model and to understand which combinations of parameters
led to the emergence of the described model behavior, we performed a large-scale grid-search analysis across pa-
rameters orr and O, that is, the standard deviation of the spatial Gaussian kernel and the scale of the temporal
Gamma kernel, which were varied from 0.05 to 5 cpd and 11to 100 ms, respectively, each with nine logarithmic steps
(Figure S6a). Model simulations were run 25 times for each of the resulting 81 grid points. Code and data can be
found online at https://github.com/richardschweitzer/ModelingVisibilityOfSaccadelikeMotion.

To determine how well model predictions using a given orp-frr combination reflected empirical results, we
compared model-generated velocity thresholds in a given condition — extracted from psychometric functions fitted
on simulated correct responses X (for details see Methods, Early-vision model) — with the corresponding average
threshold from Experiment 5 (Figure 6) and quantified their dissimilarity in terms of mean squared error (MSE).
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Figure S6 | Grid-search analysis to determine model parameter space. a Effects of changing the Gamma scale g and the Gaussian SD oz
on temporal (upper panel) and spatial (lower panel) response functions, respectively. b Results of the grid search when using a fixed SD o = 4
for the Gaussian sampler applied to convert sensory evidence E to model responses X (see Methods, Early-vision model). Colors represent
MSE between empirically measured velocity thresholds and velocity thresholds predicted by the model. ¢ Results of the grid search in terms of
MSE when an optimal o g is selected for each grid point. The same color scale as in panel b is used. d Resulting optimal o for each grid point
displayed in panel c. e Three examples of velocity thresholds predicted by the model as a function of amplitude and pre- and post-movement
stimulus duration. Shaded areas represent +2SEM around the average thresholds found in Experiment 5. f Mean absolute deviation of estimated
thresholds for 50 ms and 200 ms of pre- and post-movement stimulus duration. Low values indicate little or no difference between velocity
thresholds across movement amplitudes, that is, the signature finding in Experiment 5.

First, responses were simulated using o = 4, that is, the model readout parameter used for analyses displayed
in Figure 7. As shown in Figure S6b, the closest match with empirical thresholds was achieved around ogr = 0.28
cpd and 6rr = 17.8. These values are not only close to the ones used for the modeling in presented in Figure 7,
but also physiologically plausible: Anderson & Burr (1987) estimated spatial receptive fields widths (that is, twice
the SD of their Gaussian envelope) for 1 cpd to amount to 0.6 cpd, and Schweitzer et al. (2024) fitted post-stimulus
time histograms of simple-cell activity [see 17] with the Gamma temporal response function applied here and found
k = 1.7and 6 = 20.9 to describe the data best. One may thus be tempted to conclude that the model's optimum
is grounded in physiological parameters. However, this conclusion would neglect the fact that other parameter
combinations could in theory produce equally good predictions, provided the amount of noise in response sampling
(thatis, o used in converting evidence E to simulated binary responses X) were adjusted.

To this end, for each grid point, we chose the oz from a logarithmically scaled set (0.001-10,000) that minimized
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MSE between model and empirical thresholds across all conditions (Figure Séc). Thereby, we controlled for the
fact that evidence E would inevitably be much larger, and thus simulated velocity thresholds much higher, if less
sluggish temporal response functions (i.e., lower 6rr) were used. Indeed, in order to produce velocity thresholds
comparable to those found during our experiments, short temporal response functions needed significantly higher
o, inducing larger decision noise to achieve lower velocity thresholds (Figure S6d). Whereas Figure Séc clearly
shows that this procedure globally reduced MSE, grid points with fgr = 17.8 and orr < 1.00 still produced the best
fits. The fact that even the smallest oz produced good fits suggests that, in order to be able to reproduce empirical
velocity-threshold patterns, the model does not strictly need a spatial kernel, especially if the Gaussian aperture
of the stimulus is modeled. Inspecting individual grid-point results in Figure S6e, it becomes clear that even with
best-fitting parameters (shown in middle panel), the model is not able to perfectly predict empirical thresholds, that
is, especially the steep drop from lower to higher amplitudes observed without pre- and post-movement stimulus
presence. The most likely explanation is that the model does not incorporate any constraints with respect to the
profile of human temporal sensitivity [e.g., 18]. In other words, provided a sufficiently high temporal resolution of
model, even the highest velocities (here those occurring at the largest amplitudes) would remain resolvable. As the
goal of the model was to qualitatively model our results, such inaccuracies are tolerable, especially as it becomes
clear that other parameter combinations, such as those displayed in top and bottom panels of Figure S6e, were
clearly unable to qualitatively match empirical results.

Finally, we tested how any parameter combination in each grid point — irrespective of the quantitative difference
between model predictions and empirically determined velocity thresholds — could reproduce the signature result,
that is, the finding that all thresholds are similar at sufficiently long pre- and post-saccadic stimulus durations (Figure
6¢,d). Specifically, the more similar thresholds are, the lower one would expect their mean absolute deviation to be.
As shown in Figure S6f, largely irrespective of whether o is fixed or free, it is again the parameter space previously
identified where thresholds at pre- and post-saccadic stimulus durations of 50 ms and 200 ms are most similar to
each other.

To conclude, even though the Early-vision model was neither intended to be fitted to the data nor set up to describe
the early visual system in a appropriately detailed manner, it can still approximate the empirical data to a decent
extent. How well this works greatly varies across the tested parameter space, but most critically depends on the scale
parameter of the Gamma-shaped temporal response function 8z r: Indeed, a physiologically plausible sluggishness
of responses is needed for the model to qualitatively reproduce experimental results.
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