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When your eyes see 
more than you do

Abtine Tavassoli  
and Dario L. Ringach

Visual information is used by the 
brain to construct a conscious 
experience of the visual world and 
to guide motor actions [1]. Here we 
report a study of how eye movements 
and perception relate to each other. 
We compared the ability of human 
observers to perceive image motion 
with the reliability of their eyes to 
track the motion of a target [2–4], 
the goal being to test whether both 
motor and sensory processes are 
based on the same set of signals and 
limited by a shared source of noise 
[2,4]. We found that the oculomotor 
system can detect fluctuations in the 
velocity of a moving target better than 
the observer. Surprisingly, in some 
conditions, eye movements reliably 
respond to the velocity fluctuations 
of a moving target that are otherwise 
perceptually invisible to the subjects. 
The implication is that visual motion 
signals exist in the brain that can be 
used to guide motor actions without 
evoking a perceptual outcome 
nor being accessible to conscious 
scrutiny.

Our task involved the visual tracking 
of a high-contrast Gabor target 
(Figure 1A, top) moving horizontally 
at a speed of 4° per second onto 
which we introduced a brief velocity 
perturbation half-way through the 
3 second trial. The perturbation 
consisted of a single cycle of 
sinusoidal velocity profile that could 
be either peak-first or peak-last 
(Figure 1A, bottom) [5]. Subjects were 
instructed to visually track the motion 
of the target as closely as possible 
and to report, at the end of each 
trial, the type of velocity perturbation 
observed (peak-first or peak-last). We 
simultaneously recorded behavioral 
responses and eye movements for a 
range of perturbation magnitudes.

Psychometric curves were 
calculated as the probability of a 
correct discrimination at different 
perturbation magnitudes (Figure 1C, 
gray curves). Oculometric curves were 
obtained as the output of a simple 
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Figure 1. Experimental design and eye velocity responses. 

(A) Top. A small Gabor target jumps horizontally to the left or right and moves in the opposite 
direction with a mean velocity of 4°/s.  Bottom. A single-cycle sinusoidal perturbation of ampli-
tude A is introduced during the tracking of the Gabor target, as previously done by Churchland 
and Lisberger (2002).  We define the magnitude of the perturbation as the standard deviation 
of the perturbation signal, which equals the amplitude divided by the square root of two. (B) 
Mean responses were computed as the difference between the mean response to peak-first 
and peak-last. This is the f(t) − l(t) signal used in the classifier.  The waveforms at the inset 
for each show the shape of the individual curves, f(t) and l(t).

  
(C) Comparison of oculometric 

and psychometric performance in the motion discrimination task. The black traces show the 
oculometric performance of 4 subjects. The gray traces show their psychometric perform-
ance. The error bars indicate the bootstrap estimates of the standard deviation at the different 
perturbation magnitudes. The horizontal dotted lines represent a chance performance of 50%. 
The arrows point to perturbation amplitudes for which psychophysical performance remained 
at chance levels while oculometric performance was clearly above chance. In other words, the 
eyes were able to respond to the velocity perturbations whereas the observer could not see 
them at all.
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linear classifier operating on the 
horizontal eye velocity of an individual 
trial x(t) as follows. If ∫[f(t) − l(t)] x(t) dt 
> 0, then the classifier decides the 
stimulus was peak-first; otherwise, 
it decides it was peak-last. Here, f(t) 
is the mean eye velocity in response 
to the peak-first condition, while l(t) is 
the mean response to the peak-last 
condition. These mean responses (or 
templates) were obtained for each 
subject from an independent set of 
experimental trials with perturbation 
amplitudes of 2° per second where 
the only task was to pursue the target 
(Figure 1B). Based on the temporal 
course of these responses, we chose 
the limits of integration in the classifier 
from 100 ms to 800 ms after the onset 
of the perturbation. The probability of 
correct responses derived from the 
classifier yields oculometric curves 
that can be directly compared to 
psychometric performance (Figure 1C, 
black curves). Because the classifier 
is not necessarily optimal, our 
method provides a lower bound on 
the amount of information contained 
in the eye movement traces. In other 
words, it is possible that there is more 
information in the eye velocity traces 
than we can actually extract using 
our linear decoding technique.

Oculometric performance was, 
nonetheless, noticeably better 
than psychometric performance 
over a large range of perturbation 
sizes (black above gray curves, 
Figure 1C). Surprisingly, for some 
small perturbation magnitudes, 
psychophysical performance 
remained at chance levels while 
oculometric performance was 
clearly above chance (Figure 1C, 
arrows). This means that, in some 
conditions, visual signals could drive 
eye movements without having any 
perceptual consequence. 

The proportion of observer’s errors 
were uncorrelated with the absolute 
value of the classifier signal (the 
absolute value of the integral in the 
equation above) (data not shown). 
This shows that perceptual errors 
were independent of the accuracy 
of pursuit eye movements. In other 
words, subjects do not appear 
to have a direct access to an 
efference copy signal of the motor 
command controlling pursuit eye 
movements that could be used to 
make perceptual judgments. One 
may wonder if the eye movements 
triggered by the perturbation in the 
target velocity induce a subsequent 
retinal slip that could mask the 
perception of target motion. Control 
experiments, where the target is 
blanked right after the perturbation 
signal, rule this possibility out (see 
Supplemental Data available on-line 
with this paper).

Previous studies measured 
speed discrimination thresholds 
during pursuit eye movements and 
reported worse oculometric than 
perceptual performance during 
the initiation phase of pursuit, 
but similar performance during 
steady-state pursuit [3,4]. Kowler 
and McKee [3] observed that while 
sensory information regarding 
target velocity was available for 
perceptual discrimination it was not 
effectively used for pursuit during the 
initiation period. Gegenfurtner and 
colleagues [4] also found behavioral 
and eye movement responses to be 
uncorrelated from trial to trial. They 
suggested that the results could 
be explained with a common signal 
driving both eye movements and 
perception, both being corrupted at 
a later stage by independent noise 
sources.

Indeed, if the exact same pool 
of MT neurons are driving both 
perceptual judgments and smooth 
pursuit commands, one possible 
explanation for the results is the 
presence of larger amounts of noise 
and a more severe low-pass temporal 
filtering — a longer ‘integration 
window’ — in the path leading 
these signals to the generation of a 
conscious visual percept than in the 
path leading them to the generation 
of motor commands. It is also 
possible that a nonlinearity leading 
to perceptual judgments compresses 
motion signals of small amplitude, 
thereby generating higher thresholds 
for the psychometric curves. One 
must further consider the possibility 
that different sets of neurons within 
MT, with different signal-to-noise 
properties, support these two different 
uses of visual motion information. Our 
data cannot discriminate between 
these alternatives; the results, 
however, are in conflict with the 
notion that both motor and sensory 
processes are based on the same 
set of signals and limited by a shared 
source of noise [2].

Dissociations between visual 
perception and other types of eye 
movements, such as saccades and 
vergence, have been reported. One 
example is a task where subjects 
must saccade to the first of two 
targets appearing in succession after 
a brief temporal delay, the saccadic 
system detects their temporal 
order better than the observers 
can apparently report [6]. Another 
example is the fact that vergence 
eye movements can be evoked by 
anti-correlated random dot patterns 
that otherwise evoke no changes 
in perceived depth [7].

Our study provides the first instance 
of such a dissociation between 
smooth pursuit and perceived image 
motion (both tasks thought to rely 
on the activity of neurons in area 
MT [8,9]), by showing that small 
perturbations in target velocity can be 
detected by the oculomotor system 
while being perceptually invisible to 
the observers. In a way, your eyes 
know more than you do.
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