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Two monks were watching a banner
fluttering in the wind.

One said, “The wind is moving.”

The other said, “The banner is
moving.”

They argued back and forth, unable
to agree.

Huineng approached and said, “It is
neither the wind that moves, nor the
banner that moves. It is your mind
that moves.”

—Platform Sutra

Perception is not a passive reflection of real-
ity, but an active inference. Our visual sys-
tem receives 2D images on the retinae and
must infer the underlying 3D layout of the
environment. This inference is challenging
because the same retinal image can be pro-
duced by many distinct 3D structures. To
resolve this ambiguity, the brain uses multi-
ple depth cues, such as binocular disparity,
motion parallax, occlusion, blur, and per-
spective distortion (Howard and Rogers,
2008). The neural mechanisms underlying
some of these cues are well studied, while
others remain less clear (Howard and
Rogers, 2008; Anzai and DeAngelis, 2010).
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Beyond estimating static 3D structures,
the ability to detect movement in the envi-
ronment is also critical for survival. Many
species rely on motion perception to navi-
gate their environment, avoid predators,
and capture prey. Motion in the fronto-
parallel plane—i.e., 2D motion—has been
extensively studied (Park and Tadin,
2018). These studies have revealed that in
the primate brain, object motion processing
begins in the primary visual cortex (V1)
and proceeds along the dorsal visual path-
way, including the middle temporal (MT)
and medial superior temporal (MST) areas
(Park and Tadin, 2018). Less is known
about how the visual system processes 3D
motion (or motion-in-depth, MID), how-
ever. A particular challenge arises when
objects move toward or away from us (or
when we move in depth relative to an
object). In such cases, our brain must inte-
grate both motion and depth information
to infer the object’s movement in the world.

Previous studies have identified two
major visual cues thought to contribute
to MID perception: inter-ocular velocity
difference (IOVD), the differences in reti-
nal motion signals in the two eyes as a
result of their spatial offset, and changing
disparity (CD), the change in binocular
disparity over time as the object’s depth
changes (Cormack et al., 2017). By care-
fully controlling visual stimuli using
random-dot stereograms, psychophysical
studies have demonstrated the influence
of each cue, though their relative contri-
butions can vary depending on the stimu-
lus design (Cormack et al., 2017).

At the neural level, a substantial num-
ber of neurons in the primate visual area

MT are selectively tuned to MID,
responding to both IOVD and CD cues,
with some evidence suggesting a stronger
weighting of the IOVD signal (Sanada
and DeAngelis, 2014; Joo et al., 2016).
A recent computational study by
Bonnen et al. (2020) showed that tuning
curves for MID stimuli in MT neurons
can be predicted by a model derived
from 3D geometric principles and that
this model also accounts for some coun-
terintuitive perceptual errors observed in
human MID perception.

While research has examined the per-
ception and neural correlates of MID,
there remains a lack of models that
directly compute MID from natural
images in a biologically plausible manner.
In particular, it is still unclear how the
visual system infers MID in the face of
variability, ambiguity, and noise in natu-
ral sensory inputs. Addressing this gap
requires models that not only adapt to
the statistical structure of the natural
environment but also respect the biologi-
cal constraints of early visual processing.
Ideal-observer models provide a princi-
pled framework for this goal, as they char-
acterize the statistically optimal solution
to a perceptual inference problem given
the information available in the sensory
inputs and task demands, thereby offering
a normative account of many perceptual
phenomena (Geisler, 2011).

Herrera-Esposito and Burge (2025)
recently developed a novel computational
model that directly computes MID from a
series of naturalistic binocular images.
Their model incorporates biologically
inspired constraints on retinal image
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encoding, including an approximation of
the optical blur caused by the human
eye’s optics, a temporal response function
simulating that of the photoreceptors, and
contrast normalization. After the encod-
ing steps, this model uses a set of spatio-
temporal filters to decode 3D speed or
direction. Unlike traditional approaches
that rely on hand-designed feature extrac-
tion, their model learns optimal filters
from the structure of natural binocular
videos, using local operations that extract
information from only a small region of
the image. It estimates either the 3D
direction or speed of motion in a statisti-
cally optimal manner given the intrinsic
variability of sensory inputs and con-
straints in image encoding (Herrera-
Esposito and Burge, 2025).

Remarkably, two distinct subpopula-
tions of filters emerged after training: in a
3D speed estimation task, one subpopula-
tion of filters extracted the IOVD cue,
and another extracted the CD cue, and in
a 3D direction estimation task, two differ-
ent subpopulations emerged, with one
extracting motion information in the fron-
toparallel plane and the other extracting
toward-away motion (Herrera-Esposito
and Burge, 2025). These results are consis-
tent with neurophysiological evidence that
different subpopulations of MT neurons
selectively respond to the IOVD and CD
cues, respectively (Sanada and DeAngelis,
2014; Joo et al, 2016). Importantly, the
model was not designed to explicitly
extract the IOVD and CD cues; rather,
these subpopulations of filters naturally
emerged after training. Therefore, these
findings explain how the IOVD and CD
cues can arise from optimal processing of
3D motion in natural scenes.

Notably, this model also exhibited con-
fusion between toward and away motion,
similar to that reported in human psycho-
physics by Bonnen et al. (2020). In the
model, this toward-away confusion is
related to bimodal tuning curves with
peak responses to both directions. This
result suggests that human MID percep-
tion may reflect optimal computation
adapted to natural scene statistics.
Another interesting aspect of this model

is that the weighted quadratic combination
of its spatiotemporal filters closely resem-
bles the classic energy model. The energy
model is a widely used descriptive frame-
work that characterizes how neurons
respond to various visual stimuli, although
it does not claim that such responses are
optimal in any statistical sense. In contrast,
the model developed by Herrera-Esposito
and Burge (2025) was specifically opti-
mized for MID computation from natural
images. The similarity between these two
models therefore suggests that the tradi-
tional energy model may in fact be optimal
under natural scene statistics.

Despite its strengths, the model has
some limitations. For example, the spatial
extent of its local computations is smaller
than the receptive-field size of most neu-
rons in area MT, an area implicated in
MID computation (Herrera-Esposito
and Burge, 2025). Moreover, this model
does not consider top-down feedback or
long-range horizontal connections within
the area. While this suggests that strictly
local computations suffice for MID per-
ception, future work that incorporates
local and global processes would provide
a more biologically plausible account of
MID processing.

Several important questions about
MID processing remain. First, to what
extent are the spatiotemporal filters task
specific?  Herrera-Esposito and Burge
(2025) developed separate ideal observers
for estimating 3D speed and 3D direction,
which revealed that different subpopula-
tions of filters are emphasized in each
task. However, natural behavior may
require flexible coding of 3D motion vec-
tors, including both speed and direction.
Understanding how this general motion
processing might arise within a single
model remains an open challenge.
Second, how invariant or robust are the
learned filters across varying viewing con-
texts? Natural scenes contain rich 3D struc-
tures, and self-motion drastically changes
the retinal image motion. Correctly attrib-
uting visual inputs to the 3D layout and
motion in the scene requires the brain to
flexibly perform different computations
based on the inferred viewing geometry
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(Xu et al., 2024). Clarifying how generaliz-
able these computations are across viewing
conditions could lead to a better under-
standing of how the brain represents space
and time.

In summary, the normative framework
developed by Herrera-Esposito and Burge
(2025) is a valuable step forward in our
understanding of how the brain might
optimally estimate 3D motion from natural
visual input. Their ideal-observer model
provides a principled account of how
IOVD and CD cues could emerge from
task-driven optimization. Their findings
bridge the gap between ecological vision,
Bayesian theory, human perception, and
neural correlates. And it lays the founda-
tion for a unified, normative account of
3D motion processing.
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