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Abstract

The human visual system evolved to process and interpret continuous visual input. However, visual signals in modern societies
increasingly emanate from digital displays, which emulate continuous motion by presenting a series of discrete frames at some fixed
temporal frequency. How does noncontinuous, sampled motion influence visual perception and action? We asked participants to
complete a combined oculomotor and speed-discrimination task, where they tracked the motion of a stimulus via smooth pursuit eye
movements and compared the velocity of the pursuit stimulus with a reference velocity. Motion quality was manipulated by
presenting discrete frames at different temporal frequencies (120, 60, 30, and 15 Hz), covering a range of values corresponding to
different motion qualia, from quasi-continuous (120 Hz) to highly discontinuous (15 Hz). We found that participants could reliably
discriminate velocities, even at low refresh rates. However, measures of pursuit quality declined with decreasing refresh rate and
increasing target velocity: a perception-action dissociation. The decline in pursuit accuracy can be explained by a model estimating a
proxy for motion quality from the spatiotemporal energy profile of the stimuli. Using this estimate, our model predicts pursuit
accuracy for arbitrary combinations of target velocity and refresh rate. Our results highlight the dissociation between perception and
action in digital displays with sampled motion; while we may be able to accurately discriminate motion at reduced frame rates, acting
on moving stimuli requires a higher fidelity motion representation.
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Introduction

Accurately perceiving and interpreting motion signals are funda-
mental tasks for the human visual system. Although our visual
system has evolved to analyze a continuous stream of visual infor-
mation in natural environments, in modern societies, visual motion
isincreasingly provided discretely as a series of frames on digital dis-
plays (sampled motion). Understanding the effects of sampled mo-
tion on visual perception is of great interest in applied research for
the design of future display technologies (1). At the same time,
sampled motion can be leveraged as a tool for understanding the ba-
sic processing of visual information. Previous research, for example,

This was accounted for by a model that, first, computes an estimate
for motion quality, and second, uses this estimate to predict pursuit
gain. In contrast, perceptual discrimination thresholds were un-
affected by the quality of sampled motion. These results have im-
portant implications for the comparability of results across
different lab settings, the integration of sensory information for mo-
tor control and perception, and applied questions in cinematic and
head-mounted display design.

Results

used sampled motion to demonstrate that visual perception (2) and
oculomotor tracking (3-6) of sampled motion stimuli are both influ-
enced, among other things, by the temporal characteristics of a dis-
play, i.e. its refresh rate or how often the display content is updated
per time interval. Here, we provide a systematic comparison of the
influence of sampled motion on visual perception and oculomotor
behavior. Our results demonstrate a dissociation between the per-
ceptual and oculomotor responses to sampled motion: we observed
a systematic influence of sampled motion on oculomotor behavior.

We measured smooth pursuit eye movements and visual percep-
tion of human observers (n = 24), who gave informed consent, and
the study was approved by the local ethics committee of the
Justus Liebig University Giessen, Department of Psychology (pro-
posal Giessen LEK 2020-0015). Participants tracked the motion of
a Gaussian blob that moved in a step ramp (7). At the end of
each trial, participants reported whether the blob moved slower
or faster than a reference stimulus (Fig. 1A). We manipulated tar-
get velocity (7, 8.50, 10, 11.50, and 13 degrees of visual angle per
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Fig. 1. Perceptual performance and oculomotor response to sampled motion. A) Participants had to visually track the motion of a Gaussian blob, and, at
the end of each trial, judge whether the blob moved faster than a comparison stimulus (shown at various points throughout the experiment). B)
Degrading the motion stimulus by reducing the monitor’s refresh rate had no effect on participant’s speed-discrimination performance. Black data points
show the average results of the main experiment. Gray data points show the average results from a control experiment, where the moving blob was
presented without aninitial step before motion onset. Small grayish dots show the individual data. C) The average velocity profiles for the speed of 13 dva/
s for the different refresh rates aligned on motion onset. The shaded areas depict SEM. D and E) The accuracy of the oculomotor tracking response
gradually decreased with decreasing refresh rate. This was visible in the initial pursuit acceleration (D) as well as pursuit gain (E). The impact was most
pronounced at high target velocities. Small data points are data from individual participants, while large data points are means over participants.
Different colors are different target velocities. Error bars are 95% Cls. F and G) Correlations between pursuit gain and the rate of corrective saccades (F)
and the tracking error (G) during the trial. The data points represent the mean across observers for each of the conditions.

second [dva/s]) and the display’s refresh rate (15, 30, 60, and 120
Hz), covering a range of parameter values that are typically used
to study motion perception and oculomotor behavior (see
Supplementary Material for details). Our results show a dissoci-
ation between perception and oculomotor responses.

Varying the monitor’s refresh rate had no discernible effect on
participants’ ability to discriminate between different speeds
(120 Hz: M [mean just noticeable difference {JND}]=1.38 dva/s,
Clgsy, =[1.17, 1.60 dva/s]; 60 Hz: M =1.22 dva/s, Clgsy, = [1.08, 1.36
dva/s]; 30 Hz: M=1.45 dva/s, Clgsy, =[1.23, 1.67 dva/s]; 15 Hz: M
=1.50 dva/s, Close, =[1.31, 1.69 dva/s]), F(3, 45)=1.55, P=0.214
(Fig. 1B). The lack of perceptual effect did not depend on the pres-
ence of an initial step that varied in size depending on the velocity
and could have served as a cue for the perceptual task (120 Hz: M
[mean JND] = 1.38 dva/s, Clgsy, = [1.05, 1.71 dva/s]; 15 Hz: M=1.58
dva/s, Clgsy, =[1.10, 2.05 dva/s]), t(9) = 1.41, P=0.193.

In contrast, manipulations of target velocity and refresh rate
clearly affected participants’ oculomotor response (see Fig. 1C
for the velocity traces for the medium speed of 10 dva/s). We com-
pared the initial open-loop acceleration of pursuit and the
closed-loop gain during steady-state pursuit (Fig. 1D and E).
Pursuit acceleration increased with target velocity and with re-
fresh rate. Pursuit gain decreased with increasing target velocity
and lower refresh rate. We quantified the modulation by velocity
by fitting linear functions to the acceleration and gain data of in-
dividual participants, separately for each refresh rate, and by in-
specting the corresponding slopes. A robust ANOVA with slopes
as the dependent variable and refresh rate as the independent
variable revealed that the effect of target velocity on pursuit
acceleration was smaller for lower refresh rates (120 Hz: M
(mean slope) =2.778 dva/s?, Closy, =[2.131, 3.426 dva/s?]; 60 Hz:
M=3.168 dva/s®, Closy, =[2.698, 3.638 dva/s’]; 30 Hz: M=2.394
dva/s?, Clgsy, =[1.574, 3.215 dva/s?]; 15Hz: M=1.586 dva/s?,

Closs, = [0.843, 2.328 dva/s?]), F(2.85, 42.73)=4.72, P=0.007. For
pursuit gain, the influence of velocity was more pronounced for
lower refresh rates (120Hz: M [mean slope]=-0.004, Clssy,
=[-0.008, 0]; 60 Hz: M=-0.007, Clgse, =[—-0.012, —0.003]; 30 Hz:
M=-0.011, Clgse, =[-0.015, —0.008]; 15Hz: M=-0.029, Clgse,
=[-0.037, —0.021]), F(1.47, 22.04) = 26.18, P < 0.001. The lower pur-
suit gain at high velocities and lower refresh rates was compen-
sated by a higher frequency of catch-up saccades (r(18) =-0.90,
P <0.001; see Fig. 1F). However, even with more corrective sac-
cades, position error during tracking (quantified as the difference
between eye and target position) was still higher for the conditions
with reduced pursuit gain (r(18) = 0.92, P < 0.001; see Fig. 1G).

The effect of refresh rate on oculomotor tracking performance
was accounted for by a model, which received simulations of stimu-
lus motion across refresh rates and target velocities as input
(Fig. 2A) and used those to compute a proxy for motion quality.
This proxy was based on the spatiotemporal energy profile at the
stimulus speed compared to the total energy (see Supplementary
Material for details). This metric is closely related to the spatial sep-
aration between successive position updates (r=0.99), since the
magnitude of these steps increases the difference to the natural
scenario of a continuous visual input. We chose to use a motion
quality metric based on spatiotemporal energy for generalizability
to the field of motion perception (8) and applied display design (9).
The motion quality estimate was then related to pursuit gain via
a nonlinear transformation (Fig. 2B). Overall, our model was able
to accurately predict the average oculomotor tracking performance
across different refresh rates and stimulus velocities, r(18) = 0.98, P
<0.001, and generalized well to the data of a new group of partici-
pants, who tracked targets moving with a set of velocities that
were not tested in our main experiment, r(7)=0.97, P<0.001
(Fig. 2C). To quantify the successful generalization to the new
data set, we compared the root-mean-square error (RMSE) of a
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Fig. 2. Predicting oculomotor performance from motion quality. A) Depending on the refresh rate of the monitor and the target’s velocity, the

spatiotemporal profile of the Gaussian blob differed (here are two examples for 10 dva/s) and the stimulus either transitioned smoothly from its start to
its end position (e.g. 120 Hz condition) or it appeared to jump from one location to another (e.g. 15 Hz). We took this stimulus as input and then computed
the spatiotemporal energy of the stimulus. Here, most of the energy should lie on the diagonal, reflecting the original target speed of 10 dva/s. Please note
that the power spreads further for the 15 Hz condition, and there is the appearance of multiple aliases of the velocity diagonal. We then computed a
motion quality estimate as the power that was along the velocity diagonal divided by the overall power in the spectrum. B) The accuracy of the
oculomotor tracking response in the main experiment depends in a nonlinear manner on the motion quality of the moving stimulus (estimated from its
spatiotemporal energy profile). Data points are the same as in Fig. 1C. For each participant, we assume the same motion quality estimate, since the
stimulus, presented in the experiment, did not differ across participants. The gray line corresponds to a Gaussian cumulative distribution function, fitted
to the oculomotor data from the main experiment. The mean and SD of the function were treated as free parameters. C) Our model generalized to a new
group of participants and a new set of target velocities (4 and 16 dva/s), without the need to refit model parameters. D) Our model can predict pursuit gain
for arbitrary combinations of refresh rate and target velocity, again, without the need to refit model parameters. C and D) We used the function parameter
from the main experiment to predict the relationship between gain and motion quality in the validation condition and generate predictions for pursuit

gain across arbitrary combinations of refresh rate and velocity.

model that used the fitted parameters from the main experiment to
predict data in the validation experiment and a model that was re-
fitted to the new data and observed virtually identical results (RMSE
old parameter: M=0.01, Clgsy, = [0.07, 0.13]; RMSE new parameter:
M=0.01, Clgse, =[0.07, 0.12], t(11) =0.761, P=0.463). Since we can
simulate stimulus motion under arbitrary combinations of refresh
rate and target velocity, our model also allows us to predict the im-
pact of motion quality on pursuit behavior for any combination of
these two factors (Fig. 2D).

Discussion

Our results have four key implications for all fields that use dis-
play devices to study visual perception and oculomotor behavior,
as well as for cinema, graphics, and displays industries more
generally.

First, motion perception is often explained by using spatio-
temporal energy models (8). Those models can, for example, ex-
plain why apparent motion leads to a veridical motion percept,
even atrelatively low refresh rates, and under what conditions ob-
servers will perceive motion artifacts (9). Our results extend those
classical models and allow inferences about oculomotor behavior,

drawn directly from a proxy measure for the motion quality of a
stimulus. The fact that motion discrimination performance in
our paradigm, unlike oculomotor responses, did not scale with
the observed differences in motion quality suggests that percep-
tual judgments were at least not exclusively based on the spatio-
temporal energy of a stimulus and information is integrated
differently for oculomotor control and perceptual decisions (10).
The consistent perceptual accuracy might be related to a longer
time window, within which visual information about motion en-
ergy, motion duration, and movement distance can be integrated
into perceptual decisions. For example, for the binary perceptual
judgment at the end of the trial, the velocity of the target can be
estimated by relating the perceived distance the target traveled
to the perceived motion duration in the current trial. Such an es-
timate is independent of the presented motion quality but cannot
be used by the oculomotor system, which needs to produce a con-
tinuous output and therefore is limited to an instantaneous read-
out of visual information from a moving stimulus. Alternatively,
performance differences between oculomotor tracking and mo-
tion discrimination tasks might also be related to differences in
the sensitivity to stimulus features (11) or differential processing
of the same motion signal for visual perception and smooth
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pursuit eye movements (12). Overall, our results provide an ex-
ample of the different sensitivity of discrete perceptual judgments
and continuous oculomotor responses. This highlights the quali-
tative as well as quantitative differences between the processing
of sensory signals for perception and oculomotor control (13),
which seem to be fine-tuned to the different goals of the system:
the oculomotor system needs to provide a quick and continuous
output to bring and keep objects of interest on the retina, whereas
the perceptual system can integrate information over longer
times to create the most reliable visual percept (14).

Second, these results provide interesting insights into the pro-
cessing and consequences of sampled motion. A previous study by
Churchland and Lisberger found that sampled motion for a specif-
ic temporal window (between 20 and 30 Hz) can lead to an in-
crease in the initial pursuit acceleration, and those trials were
also judged to be faster by human observers (4). We do not have
the data for perceived speed across refresh rates, but our oculo-
motor data do not show this effect for pursuit initiation. There
are several potential reasons for these diverging results. (i) The
motion stimulus in our experiment was a single target that was
staying visible on the screen between position updates, whereas
the motion stimulus in the work by Churchland and Lisberger
was a dot cloud with multiple moving targets that only were brief-
ly flashed for each position update. The intermittently presented
dot cloud requires integration of the different individual move-
ments into a coherent motion and leads to a different representa-
tion of the motion in the spatiotemporal frequency spectrum. This
might have led to differences in the processing of the information.
Studies with motion stimuli more similar to ours also observed re-
sults similar to ours. Initial pursuit acceleration was lower for the
lower refresh rates (5), independently of whether the stimulus
was only briefly flashed or kept on the screen between position up-
dates. Other recent work (6) also showed that with increasing re-
fresh rates, the behavior went from a more discrete tracking
with higher rate of corrective saccades to a more continuous re-
sponse with higher pursuit gain and less corrective saccades. (ii)
The velocities tested in the experiment of Churchland and
Lisberger were higher (16 or 32 dva/s) than in our experiment.
This might be critical, as the explanation for the increased accel-
eration was that while apparent motion reduces the firing rate of
MT neurons, it does so asymmetrically with a larger decrease for
slower velocities, which then biases the average response of the
population to faster speeds. Thus, the asymmetry might not
have been as large for our slower velocities, and therefore, we
did not see the effect. Independently of the potential differences
in the pursuit acceleration, our results highlight that also the
steady-state phase of the pursuit response is affected by sampled
motion. While the pursuit initiation and steady-state phase have
been related to different motion mechanisms (15), our results sug-
gest that the position-based motion mechanism that tries to keep
the eye on the target during steady-state pursuitis also affected by
the refresh rate of the display.

Third, our results emphasize the importance of considering
properties and limitations of stimuli and display devices when
comparing findings from different laboratories and in the ergo-
nomic design of consumer displays. For example, when using vid-
eo recordings as stimuli, the native frame capture rate is often
only 30 Hz, which, for fast velocities, should lead to a reduction
in pursuit gain, independent of the content that is presented. In
addition, different labs rely on different display devices when pre-
senting stimuli, which might lead to different oculomotor re-
sponses, depending on the frame rate at which moving stimuli
are presented and the velocities at which stimuli move. In those

studies, a reduction in the accuracy of the oculomotor response
to moving stimuli might not necessarily reflect the limitations of
the oculomotor system but limitations in the hardware on which
stimuli were presented. This matches previous behavioral obser-
vations that show a very strong influence of the refresh rate of the
sampled motion for faster velocities (5).

Fourth, one of the main goals in (commercial) display design is
to create metrics to formally quantify and evaluate the experience
of observers when viewing dynamic content (16) across a range of
different capture and display pipelines, from cinema to mobile
phones to head-mounted virtual and augmented reality displays.
Using subjective measures, such as questionnaires, some studies
demonstrated that observers prefer high over low frame rates (17)
when viewing noncinematic content (e.g. video games), while oth-
er studies report preferences for lower refresh rates when viewing
cinematic content, likely due to habituation to the idiosyncratic
aesthetic of cinematic content (soap opera effect; (16)). Those di-
verse results highlight the influence of factors beyond low-level
properties of a stimulus on the subjective visual experience of ob-
servers and the limitations of using purely subjective measures
when attempting to quantify observer's viewing experience.
Thus, while measurements of the experience with a display are
often purely based on subjective perceptual metrics, using add-
itional behavioral markers, such as the oculomotor response to
some dynamic content, might help disambiguate between differ-
ent factors thatinfluence the experience when judging the fidelity
by which digital displays reproduce continuous motion. Pursuit
quality is closely linked with the ability to successfully interact
with moving objects (18, 19), and therefore, a reduction in it can
have severe consequences for immersive, interactive virtual envi-
ronments. Such an effect would not be captured by simple ques-
tionnaires asking about perceived display quality or the visibility
of artifacts but requires detailed behavioral studies. This high-
lights the additional power of implicit, objective behavioral
markers and demonstrates the relevance of using continuous
oculomotor markers in digital display design (20).
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