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Abstract

Humans and other animals move their eyes, heads, and bodies to inter-
act with their surroundings. While essential for survival, these movements
produce additional sensory signals that complicate visual scene analysis.
However, these self-generated visual signals offer valuable information
about self-motion and the three-dimensional structure of the environment.
In this review, we examine recent advances in understanding depth and
motion perception during self-motion, along with the underlying neural
mechanisms. We also propose a comprehensive framework that integrates
various visual phenomena, including optic flow parsing, depth from motion
parallax, and coordinate transformation. The studies reviewed here begin
to provide a more complete picture of how the visual system carries out a
set of complex computations to jointly infer object motion, self-motion, and

depth.
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1. INTRODUCTION

Visual image motion provides a powerful source of information for many important visual com-
putations (Albright & Stoner 1995, Gibson 1950, Johansson 1975, Lu & Sperling 1995, Nishida
et al. 2018, Park & Tadin 2018, Shadlen & Newsome 1996). For example, the image motion of
objects enables us to discern how those objects move in the world (Park & Tadin 2018, Stone
et al. 2000), global patterns of visual motion (i.e., optic flow) allow us to infer our self-motion
(i-e., translation and rotation) through the world (Britten 2008, Gibson 1950, Koenderink 1986,
Lappe et al. 1999), and relative visual motion (i.e., motion parallax) provides a powerful cue to 3D
scene structure (Andersen & Bradley 1998; Bradshaw & Rogers 1996; Gibson etal. 1959; Gogel &
Tietz 1979; Koenderink & van Doorn 1991; Nawrot 2003; Nawrot & Blake 1989; Nawrot & Joyce
2006; Nawrot & Stroyan 2009; Ono et al. 1986, 1988; Rogers 1993, 2009; Rogers & Graham
1979, 1982; Smith & Smith 1963; Stroyan & Nawrot 2012; Ullman 1979). Many of our most fun-
damental visually guided behaviors, such as reaching toward and grasping an object, require the
visual system to estimate the motion of objects in the world (i.e., scene-relative motion) as well as
their 3D location in space. The ease with which we perform these tasks belies the difficulty of the
underlying neural computations. Understanding the visual processing of object motion and depth
during self-motion also has important applications to emerging technologies, such as self-driving
vehicles, robotic systems, and virtual or augmented reality.

When the eye is stationary relative to the scene, there is a direct mapping from scene-relative
object motion to retinal image motion. Indeed, much classic vision science at both the behavioral
and neurophysiological levels has been performed under experimental conditions in which the
eyes and head remain fixated during stimulus presentation. While a great deal has been learned
under these restricted conditions, the problem is substantially more complex when the eye trans-
lates and rotates relative to the scene as a consequence of eye, head, and body movements. In
general, the retinal velocity of an object is determined by three variables: how the object moves
relative to the scene, how the eye moves relative to the scene (i.e., self-motion), and where the
object is located in 3D space (i.e., depth), as illustrated in Figure 1. If these three variables are
specified, then retinal velocity can be calculated via projective geometry (Figure 15). However, the
inverse (i.e., inference) process is much more difficult, as there can be many possible combinations
of object motion, self-motion, and depth that produce the same retinal velocity. Thus, crucially,
to estimate any of these three variables accurately, the brain needs to infer the respective con-
tributions of each variable to retinal velocity. For example, to compute an object’s scene-relative
motion, the brain needs to discount image motion resulting from self-motion (Dokka etal. 2015b;
Foulkes et al. 2013; MacNeilage et al. 2012; Niehorster & Li 2017; Peltier et al. 2020; Royden &
Connors 2010; Rushton et al. 2018; Warren & Rushton 2007, 2008, 2009a,b). To compute an ob-
ject’s depth from motion parallax (Bradshaw & Rogers 1996; Nawrot 2003; Nawrot & Joyce 2006;
Nawrot & Stroyan 2009; Ono et al. 1988; Rogers & Graham 1979, 1982; Rogers & Rogers 1992;
Stroyan & Nawrot 2012), the brain needs to discount image motion resulting from scene-relative
object motion and isolate the component of image motion associated with self-motion (French &
DeAngelis 2020, 2022).

How does the brain parse image motion into contributions from object motion, self-motion,
and depth? How does the brain compensate for self-motion to compute scene-relative object
motion, or vice versa? How does the brain estimate depth from motion parallax when objects
are moving in the world? How does the brain flexibly compensate for the visual consequences
of smooth eye movements under different viewing geometries? The goal of this review is to
summarize recent progress in addressing these types of questions at both the behavioral and neu-
rophysiological levels. While behavioral studies over the past decade or two have made substantial
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Figure 1

Interactions between self-motion, object motion, and depth, as well as the constraint ray approach to visualizing their relationships.

(@) The retinal image motion of an object, such as a soccer ball, depends on the three-way interactions between its motion in the world,
its distance (or depth) to the observer, and the observer’s self-motion. (6) An observer’s self-motion can be described in a 3D Cartesian
coordinate system, XYZ, with rotation and translation along each axis (black arrows). Objects in the scene, such as the opponent and the
soccer ball, project onto a 2D retinal coordinate system, xy. The retinal image motion of an object can be computed based on the
projective geometry from the 3D world coordinate system, XYZ, to the 2D image coordinate system, xy. (c—e) Illustration of the
constraint ray approach to describing self-motion and object motion in a 2D image velocity space. () When only rotational self-motion
is present, the optic flow vector at any given point on the retina is defined (black dot). When retinal image motion (blue vector) deviates
from the optic flow vector, their difference is explained as object motion (red vector). (d) When both translational and rotational
self-motion components are present and the object’s depth, Z, is not known, a stationary object’s velocity is constrained to lie anywhere
along a ray (black vector). The black dot indicates the flow vector when Z — co. A given point on the ray corresponds to a particular
depth, Z. If the retinal motion of an object (b/ue vector) falls on the ray, it can be fully explained by self-motion. Therefore, the object
should be perceived as stationary and located at the depth, Z, given by the self-motion constraint (red dot). (¢) If the retinal motion of an
object deviates from the constraint ray, the difference might be perceived as independent object motion relative to the scene (red vector).
The soccer player images in panels # and b were created with ChatGPT-40/DALL-E.

progress in addressing some of these questions, there is still much to learn about the neural mech-
anisms underlying the visual system’s remarkable capacity to make joint inferences over object
motion, self-motion, and depth. In addition to reviewing recent progress, we also describe how
visual computations related to object motion and depth can be unified under a computational
framework that considers viewing geometry and the constraints imposed by self-motion.

Few studies to date have examined the full three-way interactions between object motion, self-
motion, and depth. Thus, we initially review studies that examine interactions between object
motion and self-motion and subsequently review studies that examine how scene-relative object
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motion interacts with computations of depth. Finally, we consider a framework that bridges some
previously separate lines of work.

2. OBJECT MOTION PROCESSING DURING SELF-MOTION

In this section, we explore mechanisms through which the brain estimates object motion while the
observer is moving. During self-motion, retinal image motion, v, has two main components: one
that reflects scene-relative object motion, v, and one that arises from translation and rotation of
the eye relative to the scene (i.e., self-motion), vy:

Vret = Vobj + Vself - L.

Both of these components of retinal image motion also generally depend on the distance of a
point in the scene from the observer (i.e., depth). To estimate scene-relative object motion, the
brain needs to estimate and discount v,¢. In general, three types of information contribute to
the solution of this problem: optic flow, depth cues, and extraretinal signals. Optic flow provides
information about how the eye translates and rotates relative to the scene. Depth cues, such as
binocular disparity and relative size, can help disambiguate sources of retinal image motion by
providing information about 3D scene structure. Extraretinal signals, including vestibular signals
related to head movements and efference copy of motor commands that generate eye movements,
provide independent sources of information about self-motion that can help tease apart contri-
butions from object motion and self-motion. This section reviews literature regarding how each
of these sources of information contributes to estimating object motion during self-motion (and
vice versa).

2.1. Optic Flow and the Constraint Ray of Self~-Motion

Before reviewing empirical studies, we summarize a theoretical framework that helps tie together
various empirical observations: the constraint ray of self-motion (Nelson 1991, Thompson &
Pong 1990). Optic flow refers to large-field background image motion that is produced by self-
motion, specifically the translation and rotation of the eye relative to a scene (Gibson 1950). At
a given point (r, y) on the retina, the optic flow of an object located at depth Z is related to
self-motion with six degrees of freedom, including translation of the eye along the X-, Y-, and
Z-axes (Tx, Ty, and Tz) and rotation of the eye about these axes (Rx, Ry, and Ry; see Figure 15)
(Longuet-Higgins & Prazdny 1980):

Vielf = T/Z +R, 2.

where v ¢ represents the 2D optic flow vector at a point in the visual field,

T denotes the image motion generated by translational self-motion,

—Tx +xT;
T:
(_TY +}’TZ>,

and R represents the image motion produced by rotational self-motion,

R = xny—(xz—i—l)Ry—{—yRZ
- (yz—i—l)RX—xyRy—xRZ ’
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Many algorithms have been developed to compute optic flow from image sequences (Barron et al.
1994, Horn & Schunck 1981, Lucas & Kanade 1981), and it is well established that humans and
monkeys can infer their direction of heading from optic flow (Britten 2008, Fetsch et al. 2009,
Gibson 1950, Gu et al. 2008, Koenderink 1986, Lappe et al. 1999, Warren & Hannon 1988).

Equation 2 imposes an important constraint on the interpretation of retinal motion—any im-
age motion that deviates from this relationship can be attributed to scene-relative object motion
(Jain 1984, Nelson 1991, Thompson & Pong 1990). This can be visualized as a constraint ray
in a 2D image velocity space (Figure 1c-e). Here, the x- and y-axes represent the horizontal
and vertical components of retinal image velocity at a particular location on the retina, respec-
tively, such that a point on the 2D velocity plane represents a particular image velocity at a
location, (x, y). When only rotational self-motion is present (i.e., pure eye rotation relative to the
scene),! the optic flow vector at any given point on the retina is depth invariant and well defined
(Equation 2, T = 0; Figure 1¢, black dot). When retinal image motion deviates from the optic
flow vector, their difference can be explained as scene-relative object motion (Figure 1¢, red vec-
tor). When both translational and rotational components of self-motion are present, all possible
flow vectors can be visualized as a ray in this 2D plane, with location along the ray being scaled by
distance, Z (Figure 1d). When the object is sufficiently far away from the observer (i.e., Z — 00),
the translation component in Equation 2, T'/Z, approaches zero, and the optic flow vector is solely
determined by the rotation component, R (Figure 14, black dot). As the object gets closer to the
observer, Z decreases, and the translational component of the flow vector scales up in magnitude
according to Equation 2. Thus, this constraint forms a ray in the 2D image velocity plane, and a
given point on the ray corresponds to a particular depth of a stationary object in the scene.

When the retinal image motion of an object deviates from the constraint ray, object motion can
be detected (Figure 1c,e), and the direction of object motion can be determined by subtracting
Vieif from vy, When the object’s depth is not well specified (Figure 1e), the exact magnitude and
direction of object motion may be ambiguous, and the shortest vector might be taken as v,; due
to a slow speed prior (Stocker & Simoncelli 2006). Royden & Connors (2010) found that humans
are better at detecting object motion when its direction deviates more from the constraint ray,
implying the use of self-motion constraints in radial optic flow. This has been tested more directly
and confirmed in a recent study by Lutwak et al. (2025).

2.2. Optic Flow Parsing

When an apple falls from a tree, we expect it to fall vertically due to the force of gravity
(Figure 2a4). However, as an observer walks by the tree, the optic flow produced by the observer’s
self-motion adds to the apple’s motion and changes its image velocity on the retina (Figure 2b.c).
To estimate the apple’s motion in the world, one must subtract the optic flow vector associated
with self-motion from the retinal image motion of the apple (Figure 25,c). Optic flow parsing has
been proposed as a visual mechanism by which the brain estimates scene-relative object motion in
the presence of self-motion (Foulkes et al. 2013; Niehorster & Li 2017; Royden & Connors 2010;
Rushton et al. 2018; Warren & Rushton 2007, 2008, 2009a). Formally, the flow parsing hypothesis
states that the brain computes object motion in the world, vy, by subtracting the optic flow vector
at the location of the object, vy, from the object’s retinal velocity, v,; (Figures 1c,e and 2b,c):

Vobj = Vret — Vself - 3.

Pure rotations of the eye relative to the scene are probably less common than most people think. Anytime
the head rotates, this introduces some eye translation, since the axis of rotation of the neck is well offset from
the axes of rotation of the eyes.
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Figure 2

Optic flow parsing and its neural correlates. (#) When the observer is stationary, the retinal image motion of an object such as an apple
(gold vector) reflects its motion in the world. (4, /eft) When the observer moves forward, optic flow vectors (gray) are added to the object’s
motion (dashed green vector), resulting in an oblique retinal image motion (so/id green vector). (Right) Object motion in the world (dashed
green vector) can be computed by subtracting the optic flow vector (gray vector) from the retinal motion vector (solid green vector).

(c) When the observer moves backward, the optic flow vector is in the opposite direction of that during forward self-motion (gray
vectors), and the resulting retinal motion is tilted to the left (so/id red vector). The same subtraction can be performed to infer object
motion in world coordinates (dashed red vector). (d) Example tuning curves of single neurons in the middle temporal (MT) area.
Compared to the stationary condition (go/d curve), tuning curves shifted in opposite directions when forward (green curve) or backward
(red curve) optic flow was present. (e, /eft) Psychometric function describing one animal’s behavior in a direction discrimination task.
(Right) Psychometric function from a decoder trained to predict world-centered object motion direction from a small population of
MT neurons. Both behavior and decoder performance demonstrate shifts consistent with a partial flow parsing effect in forward (green)
and backward (red) self-motion conditions. Panels 4 and e adapted from Peltier et al. (2024) with permission from Elsevier.

Flow parsing predicts that perception of object motion on a visual display will be biased to-
ward directions opposite to the optic flow vector at the location of the object. Indeed, numerous
studies have demonstrated that humans and macaques exhibit systematic biases in perceived mo-
tion that depend on visual field location and eccentricity in the manner predicted by the flow
parsing hypothesis (Foulkes et al. 2013; MacNeilage et al. 2012; Mayer et al. 2021; Niehorster &
Li 2017; Peltier et al. 2020; Royden & Connors 2010; Rushton et al. 2018; Warren & Rushton
2007,2008,2009a,b). Notably, these effects are still seen (at reduced magnitude) when optic flow is
present only in the visual hemifield opposite to the location of a moving object (Peltier et al. 2020,
Warren & Rushton 2009a), suggesting a global component to the computation. There is strong
evidence that humans and macaques may underestimate vy, leading to imperfect flow parsing
(Foulkes et al. 2013; Niehorster & Li 2017; Peltier et al. 2020; Warren & Rushton 2007, 2009a).
Thus, a revised model incorporates a flow parsing gain, g, on v to capture this underestimation
(Niehorster & Li 2017):

Vobj = Viet — GVsclfs 4.
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where ¢ = 1 implies perfect flow parsing, 0 < g < 1 indicates an underestimation of v, and
g > 1 implies an overestimation. A recent study suggests that humans can estimate self-motion
more accurately in an immersive 3D virtual environment, resulting in a flow parsing gain closer
to 1 (Jorges & Harris 2022).

A recent electrophysiological study (Peltier et al. 2024) has identified neural correlates of optic
flow parsing in the macaque middle temporal (MT) area. Macaques exhibit perceptual biases in
line with the flow parsing hypothesis when trained to perform a motion discrimination task in
the presence of radial optic flow simulating forward or backward self-motion (Peltier et al. 2020,
2024). The responses of M'T neurons are modulated by background optic flow that lies well outside
of their receptive fields (Figure 2d), and these modulations depend on the neurons’ direction
preferences in a manner that is consistent with shifting population activity to account for the
behavioral biases (Peltier et al. 2024). Correspondingly, the decoding of small populations of M'T
neurons predicts perceptual biases similar to those observed behaviorally (Figure 2e), indicating
that MT activity can at least partially account for the behavioral effects of flow parsing (Peltier
etal. 2024). Modulations of M'T responses by optic flow are substantially delayed relative to visual
response onset (Peltier et al. 2024), suggesting a potential role for feedback in computing scene-
relative object motion during self-motion.

2.3. Contribution of Depth Cues and Vestibular Signals

As described in Section 2.1, humans can detect object motion that deviates from the constraint ray
(Figure 1). In most cases, this corresponds to situations in which the vector of scene-relative object
motion intersects with the constraint ray. However, a particularly challenging scenario arises when
objects move in the same direction as the local optic flow vector (Figure 3a,b). In such situations,
image motion associated with scene-relative object motion may be confounded with motion par-
allax resulting from self-motion. A solution to this problem is to have access to independent cues
regarding the depth of the object (Z in Equation 2), in which case the constraint ray reduces to a
specific point along the ray (Figure 3¢, blue dot). Consistent with this expectation, Rushton et al.
(2007) showed that moving objects automatically pop out in a scene when they are rendered with
binocular disparity cues, indicating the contribution of depth cues in disambiguating the source
of retinal motion.

Using an experimental design similar to that of Rushton et al. (2007), Kim et al. (2022)
trained macaque monkeys to detect scene-relative object motion (Figure 34). Under conditions
in which scene-relative object motion and depth were confounded due to the lack of additional
depth cues (as in Figure 34,b), macaques could detect scene-relative object motion only when
binocular disparity cues were provided and were in conflict with depth defined by motion parallax
(Figure 3f). Previously, MT neurons were shown to encode depth from binocular disparity cues
(Born & Bradley 2005, DeAngelis & Newsome 1999, DeAngelis & Uka 2003, Maunsell & Van
Essen 1983, Uka & DeAngelis 2003, Zeki 1980) and motion parallax cues (Kim et al. 2015a,b,
2016, 2017; Nadler et al. 2008, 2009, 2013). Moreover, Nadler et al. (2013) identified a subset
of MT neurons that show opposite depth tuning preferences for disparity and motion parallax
cues, and they speculated that such neurons might play a specific role in detecting scene-relative
object motion. Indeed, Kim et al. (2022) found that these MT neurons, referred to as opposite
cells, often responded better when a cue conflict between disparity and motion parallax indi-
cated scene-relative object motion (e.g., Figure 3e), and they were selectively correlated with
perceptual detection of object motion in the presence of self-motion. In contrast, MT neurons
with congruent depth preferences based on disparity and motion parallax typically responded
maximally to objects that were stationary in the world (e.g., Figure 3d), and their responses
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Figure 3

Object motion detection based on cue conflict between motion parallax and binocular disparity cues. (#) When an observer translates
laterally and fixates on a stationary point in the world (black plus sign), the retinal image motion of objects (black dots) can come from
either motion parallax (black arrows) or independent object motion (cyan arrow). (b)) When an object moves in the same direction as the
optic flow vector produced by self-motion (purple vectors), it becomes challenging to attribute retinal motion to either self-motion or
object motion. (¢) This problem is resolved by a reliable depth cue, such as binocular disparity, which reduces the self-motion constraint
to a single point (blue dot). (d, ) Example neurons recorded from area MT in response to moving (i.e., dynamic) and stationary objects.
(d) Data from a neuron with congruent preferences for near depth based on disparity and motion parallax cues. The red curve shows
depth tuning for stationary objects, and the blue curve shows depth tuning for moving (i.e., dynamic) objects. (¢) Data from a neuron
with opposite depth preferences based on disparity and motion parallax, formatted as in panel 4. Note that responses to some moving
objects (blue) exceed responses to all stationary objects (red). (f) Proportion of correct reports as a function of the amount of cue
conflict between binocular disparity and motion parallax cues to depth. Gray triangles show behavior from one monkey, and black
squares show predicted behavior from a decoder of MT responses. Abbreviations: M'T, middle temporal; RE, receptive field. Panels #
and d—fadapted from Kim et al. (2022) (CC BY 4.0).

were not predictive of perceptual detection. Finally, Kim et al. (2022) showed that decoding
populations of M'T neurons could account for the monkey’s performance in the object detection
task (Figure 3f). Thus, opposite cells are well suited to identifying situations in which the depth
expected from motion parallax is not consistent with the depth expected from binocular disparity,
with such deviations being attributable to scene-relative object motion, as illustrated in Figure 3c.

Humans and other animals integrate visual and vestibular signals to achieve a more accurate
and precise perception of self-motion (Dokka et al. 2015a, Fetsch et al. 2009, Gu et al. 2008,
Morgan et al. 2008). As discussed in Section 2.2, flow parsing gain is often < 1 in studies using
purely visual stimuli, indicating that only a portion of self-motion is accounted for (Foulkes et al.
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2013; Niehorster & Li 2017; Peltier et al. 2020; Warren & Rushton 2007, 2008, 20092a). Some
studies have shown that in the presence of vestibular signals, estimation of self-motion becomes
more accurate, leading to a flow parsing gain closer to 1 (Dokka et al. 2015b, MacNeilage et al.
2012, Peltier et al. 2020). These findings indicate the contribution of vestibular signals to object
motion processing during self-motion. How multisensory heading perception interacts with optic
flow parsing at the cellular level in the visual cortex remains an open question.

2.4. Object Motion Processing During Smooth Pursuit Eye Movements

Eye movements are integral to visual perception. Rapid saccadic eye movements swiftly shift our
gaze from one point to another, while smooth pursuit eye movements continuously follow moving
objects (Yarbus 2013). In contrast to saccadic movements, which are brief and temporarily sup-
press visual perception (Matin 1974), smooth pursuit eye movements often persist for extended
periods of time, such that it would not be viable to suppress perception during smooth pursuit
(Spering & Montagnini 2011). The extended time course of smooth pursuit eye movements in-
troduces a challenge: Smooth pursuit movements add a component of retinal image motion to
everything within the visual scene, even stationary objects. How does the visual system form a
coherent percept of the world in the face of the sensory effects of self-generated eye movements?

Some of the earliest explorations of motion perception during smooth pursuit include the
Aubert-Fleischl phenomenon and the Filehne illusion. The Aubert-Fleischl phenomenon de-
scribes an underestimate of a moving object’s speed when the eyes track that object by smooth
pursuit (Aubert 1887, von Fleischl 1882). Filehne (1922) described an illusion in which stationary
objects appear to move during smooth pursuit eye movements. The Filehne illusion and Aubert—
Fleischl phenomenon are traditionally thought to reflect a process in which the brain compensates
for the visual consequences of smooth pursuit but underestimates pursuit eye velocity (Festinger
etal. 1976, Mack & Herman 1973). More generally, others (Wertheim 1981, 1987) have suggested
that the brain uses a reference signal, which combines visual and extraretinal signals about eye ve-
locity, to discount image motion associated with smooth pursuit. A Bayesian treatment of this
problem has also been proposed (Freeman et al. 2010).

Regardless of the source of signals related to smooth pursuit eye movements, the dominant
conceptual model is that the visual system compensates for smooth pursuit through a motion
vector computation (Freeman et al. 2010; Souman et al. 2006a,b; Wertheim 1981, 1987). This
computation can be understood as a transformation from retinal-centered to world-centered ref-
erence frames. This coordinate transformation can be achieved by simply adding the eye velocity,
Veye, to the retinal velocity of the object, Vi

Vobj = Vret + Veye- 5.

While variations of this scheme have been proposed to account for the retinal and extrareti-
nal sources of v,y (Wertheim 1981) or to explain the differential signal gains (Freeman & Banks
1998), the general form of a vector addition computation between retinal and eye velocities fits
well with numerous observations from human psychophysics (Freeman & Banks 1998; Free-
man et al. 2010; Souman & Freeman 2008; Souman et al. 2006a,b). However, as we describe in
Section 4, this general model for computing object motion during smooth pursuit applies only to
the case of pure eye rotations and fails dramatically in the presence of eye translations.

The neural coding of eye position and pursuit velocity has been studied extensively in the
cerebral cortex. Early work demonstrated that neurons in parietal areas jointly encode object lo-
cation on the retina and gaze direction in a multiplicative manner, which is supported by both
experimental and theoretical findings (Andersen 1989, Andersen & Mountcastle 1983, Andersen
& Zipser 1988, Pouget & Sejnowski 1997, Salinas & Abbott 1995). More recent studies suggest

www.annualreviews.org o Seeing a Three-Dimensional World in Motion

431



432

that this process starts as early as primary visual cortex (V1) (Morris & Krekelberg 2019, Parker
et al. 2022b). Morris & Krekelberg (2019) showed that similar gain fields exist in populations of
V1 neurons for encoding eye position and retinal images during saccades and smooth pursuit,
enabling downstream regions to read out object locations in the world.

In macaques, area MT and the medial superior temporal (MST) area have been shown to make
causal contributions to the initiation of smooth pursuit eye movements (Groh et al. 1997; for re-
views, see Lisberger 2015, Lisberger et al. 1987). Similarly, coordinate transformations of motion
signals have been found in area MST (Brostek et al. 2015; Chukoskie & Movshon 2009; Inaba et al.
2007, 2011) and other parietal areas (Ilg et al. 2004). For example, Chukoskie & Movshon (2009)
measured the speed tuning of MT and MST neurons in response to a random-dot patch moving
within their receptive fields during either fixation or smooth pursuit behaviors, and they found a
fraction of neurons with responses better explained by head-centered speed tuning in both areas
(15% of MT cells and 24% of MST cells). Using a large-field random-dot motion stimulus, Inaba
et al. (2011) reported that the direction and speed tuning of MST cells are substantially shifted
toward head-centered coordinates, while few M'T neurons exhibited similar tuning shifts. Brostek
et al. (2015) showed that MST neurons encode retinal image motion and eye velocity using a
gain field during optokinetic responses. A common theme in these studies is that M'T neurons
primarily encode retinal motion, whereas MST neurons encode motion in reference frames that
shift toward head-centered coordinates. Conventionally, most electrophysiological studies of ref-
erence frames have implicitly assumed that neurons encode spatial variables with a fixed reference
frame. However, a recent study has demonstrated flexible coding of motion in the parietal cortex,
such that populations of neurons can represent object motion in multiple frames of reference de-
pending on task instructions (Sasaki et al. 2020). These findings might explain some variability in
outcomes across previous studies of neural reference frames.

Counter to the conventional view that M'T neurons encode retinal velocity, other more recent
studies have shown that the visual responses of M'T neurons can be strongly modulated by smooth
pursuit eye movements. For example, M'T neurons exhibit depth selectivity from motion parallax
cues, and this selectivity was shown to be mediated by smooth eye movement command signals
rather than vestibular signals related to head movement (Nadler et al. 2008, 2009). These findings
fit well with the motion-pursuit law (Nawrot & Stroyan 2009), which showed that depth can be
computed from the combination of motion parallax and scene-relative eye velocity but does not
require information about head movement. An important extension of these studies demonstrated
that large-field background motion that simulates eye rotation also generates depth-sign selectiv-
ity in M'T neurons (Kim et al. 2015b). Thus, optic flow induced by smooth eye movements can
itself be used as a proxy for extraretinal signals about eye velocity in neural computations, a topic
to which we return in Section 4. A recent study showed that neurons in the dorsal part of area
MST (MSTd) have congruent selectivity for direction of eye rotation based on both optic flow
and extraretinal signals, suggesting MSTd as a possible source of integrated information about
eye rotation (DiRisio et al. 2023).

2.5. Causal Inference in the Perception of Object Motion and Self-Motion

So far, we have reviewed how self-motion can affect object motion perception and the roles of
various signals in compensating for the visual consequences of self-motion. However, the presence
of moving objects in a scene also disrupts the optic flow field produced by self-motion. Because
humans automatically infer self-motion from optic flow (Warren & Hannon 1988), object motion
can bias self-motion perception (Acerbi et al. 2018; Dokka et al. 2015a, 2019; Fajen & Kim 2002;
Layton & Fajen 2016a,b) (Figure 4).
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Figure 4

Causal inference in self-motion perception. (#) When retinal motion is in line with the constraint ray, no object motion should be
perceived. (/) When the retinal motion of an object slightly deviates from the constraint ray, the object might still be perceived as
stationary in the world, and the slight difference might be used to alter the perception of self-motion, resulting in an updated constraint
ray (red vector) that is consistent with the retinal motion. (¢) When the retinal motion of an object sufficiently differs from the optic flow
and does not lie along the constraint ray, independent object motion is perceived (red vector). (d, ¢) Data from an example subject
showing stationarity reports (4) and heading bias (¢) as a function of object motion speed. When the object motion speed is zero, the
scenario corresponds to panel 2. When object speed is small, the object is perceived as stationary (d), and its motion causes a bias in
heading perception (4 and e). When the object speed is sufficiently large, the retinal motion of the object is attributed to object motion
(¢) and heading bias decreases (¢). Panels 4 and ¢ adapted from Dokka et al. (2019).

The interpretation of retinal image motion is fundamentally a causal inference problem
(French & DeAngelis 2020, Kording et al. 2007, Shams & Beierholm 2010)—the observer must
attribute the source of retinal motion to self-motion, object motion, or both (Acerbi et al. 2018,
Dokka etal. 2019, French & DeAngelis 2020). One possible solution to this problem is to examine
the difference between retinal motion and the inferred optic flow vector. When retinal motion is
consistent with the global optic flow, meaning that v, lies along the constraint ray (Figure 44),
its source can be explained by self-motion alone, and one should not infer that there is a moving
object. When retinal motion only slightly deviates from the constraint ray, one might still per-
ceive the object as stationary in the world and integrate its retinal motion with the background
optic flow to update the perception of self-motion, which results in a new constraint ray that is
compatible with the observed retinal image motion (Figure 45). When retinal motion sufficiently
differs from optic flow and does not lie along the constraint ray (Figure 4c¢), a moving object
must be present (Acerbi et al. 2018, Dokka et al. 2019). The scenarios depicted in Figure 44—
provide an intuitive understanding of a probabilistic solution formulated under the framework of
Bayesian inference, and the theoretical predictions have been shown to match results from human
psychophysical experiments reasonably well (Figure 4d,e) (Acerbi et al. 2018, Dokka et al. 2019,
Koérding et al. 2007, Shams & Beierholm 2010).

3. DEPTH FROM MOTION PARALLAX AND INTERACTIONS
WITH OBJECT MOTION

In the previous section, we examined how self-motion influences inferences about scene-relative
object motion, and vice versa. Another variable that can strongly influence retinal image veloc-
ity is depth. In this section, we review how the brain computes depth from motion parallax,
and then we examine how scene-relative object motion influences depth perception, and vice
versa.
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Similar geometries for binocular disparity and motion parallax cues. (#) Binocular disparity. When the eyes
fixate on a stationary target (black x), the soccer ball projects onto different locations on the two retinae (green
and red dots). The panel shows a top-down view of the geometry (fop) and corresponding retinal images
(bottom). (b) Motion parallax. When the observer translates laterally and rotates their eye to maintain visual
fixation on the target (black x), the image projection of the soccer ball moves across the retina.

3.1. Geometry of Motion Parallax and Behavioral Evidence

The brain uses a variety of visual cues to infer the depth structure of a scene (Howard & Rogers
2008). These include pictorial cues such as shading, size, occlusion, and perspective, which we
do not consider further here. Binocular disparity and motion parallax provide the most quanti-
tative information about depth, as they both arise from viewing the scene from different vantage
points. Indeed, the geometries underlying binocular disparity and motion parallax cues to depth
are closely related. Binocular disparity refers to slight positional differences in images projected
onto the two retinae and arises due to the horizontal separation between the eyes (Figure 54). In
contrast, motion parallax refers to retinal image motion produced by combined translational and
rotational movements of a single eye (Figure 5b). When the eye translates laterally by an amount
equivalent to the interpupillary distance and simultaneously counter-rotates to maintain fixation
on a stationary target (as illustrated in Figure 5b), the resulting image motion is equivalent to the
binocular disparity of the same object viewed with both eyes (Bradshaw & Rogers 1996, Rogers
& Graham 1982).

Since the work of von Helmholtz (1962), depth perception from motion parallax has been
extensively studied. Using random-dot stimuli, researchers have carefully studied this monocular
depth cue by isolating it from other depth cues, such as binocular disparity (Ono et al. 1986,
Rogers 1993, Rogers & Graham 1979). In the viewing geometry of Figure 5b, inferring depth
from motion parallax requires knowledge of either head translation or eye rotation relative to
the scene, if other depth cues are eliminated (Nawrot 2003). Studies have shown that smooth
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pursuit eye movements play a key role in perceiving depth from motion parallax cues (Naji &
Freeman 2004, Nawrot 2003). Later, Nawrot & Stroyan (2009) showed that the relative depth of
a stationary object, d/ f, can be approximated by the ratio between retinal velocity, vy, and eye
velocity relative to the scene, veye:

d ~ Uret

~ ’
f Veye

where 4 is the distance between a stationary object and the fixation point and f is the viewing

distance.

Many other species, such as pigeons (Frost 1978, Hataji et al. 2021, Xiao & Frost 2013), mice
(Parker et al. 2022a), owls (van der Willigen et al. 2002), and some insects (Horridge 1986, Kral
2003, Kral & Poteser 1997, Preiss 1987), also use motion parallax cues to infer depth. Analogous
parallax cues can also be found in other sensory modalities such as audition (Genzel et al. 2018,
Yost 2018) and electric sensing (Hunke et al. 2021, Pedraja et al. 2018).

3.2. Neural Correlates in the Middle Temporal Area

In contrast to the vast literature on the neural coding of binocular disparity (for reviews, see
Cumming & DeAngelis 2001, Parker 2007), relatively little was known about the neural coding
of depth from motion parallax until more recently. Although some had speculated on a potential
role of areas MT and MST in representing motion parallax (Cornilleau-Pérés & Gielen 1996),
it was not until a decade later that Nadler et al. (2008) discovered neurons with tuning for depth
defined by motion parallax in area M'T. At this time, it remains unclear whether neurons with this
property also exist in other visual areas. Consistent with theoretical and psychophysical results
(Naji & Freeman 2004, Nawrot 2003, Nawrot & Stroyan 2009, Stroyan & Nawrot 2012), the
extraretinal information that gives rise to selectivity for this depth cue in M'T neurons involves
signals related to smooth pursuit eye movements, rather than vestibular signals regarding head
translation (Nadler et al. 2009). Importantly, this signal related to smooth pursuit can arise ei-
ther from efference copy of motor commands (Nadler et al. 2009) or from large-field background
motion that simulates eye rotation in this viewing geometry (Kim et al. 2015b). In addition, this
novel selectivity for depth from motion parallax in MT neurons is integrated with selectivity for
binocular disparity (Nadler et al. 2013) and has been functionally linked to depth discrimination
behavior in macaques (Kim et al. 2015a). Thus, in addition to representing visual motion, area
MT contains representations of depth based on both disparity and motion parallax.

How does information about smooth pursuit eye movements modulate M'T neurons to gen-
erate selectivity for depth from motion parallax? An initial study suggested that depth tuning
from motion parallax results from a gain modulation by eye movements (Kim et al. 2017). How-
ever, a more recent study shows that, for some MT neurons, depth selectivity appears to arise
from a partial coordinate transformation from retinal to head-centered velocity coding Xu &
DeAngelis 2022). Consistent with recent findings regarding optic flow parsing (Peltier et al. 2024),
these results indicate that area MT is involved in transforming motion signals into nonretinal
reference frames.

3.3. Object Motion Biases Depth Perception

A crucial assumption exists in the motion-pursuit law, which describes how the depth of an object
is computed from motion parallax (Nawrot & Stroyan 2009). This theory assumes that the object
is stationary in the world, such that its retinal motion is solely due to self-motion (Figure 64.d).
However, our visual environment often contains moving things (flying birds, moving cars, walking
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accurately perceived from motion parallax cues. (4, c) When the object moves independently in the world, its motion contaminates
retinal motion (vret, dashed gray arrow), causing a biased depth perception in the absence of other strong depth cues (&', blue soccer balls).
The direction of bias depends on the direction of object motion (v, so/id gray arrows). (d) Constraint ray analysis when the object is
stationary. The object’s depth is determined by the intersection (b/ue dot) between retinal velocity (blue vector) and the constraint ray
(black vector). (¢) Scene-relative object motion (purple vectors) shifts the intersection between retinal velocity and the constraint ray (solid
and open blue dots), causing biased depth perception. (f) Psychometric functions for depth discrimination from an example subject. The
gray curve shows the condition with a stationary object, the magenta curves show leftward object motion at different speeds, and the
cyan curves show rightward object motion at different speeds. Error bars indicate 95% confidence intervals. Panel fadapted from

French & DeAngelis (2022).

pedestrians, etc.). When the motion parallax cue to depth is contaminated by object motion, infer-
ring depth becomes more challenging (French & DeAngelis 2020, 2022). Multiple interpretations
are possible for the same viewing geometry and sensory observations (Figure 6b,c). For example,
the retinal motion of an object can be attributed to motion parallax, forming a perception of a
stationary object at a particular depth (Figure 6b,c, blue objects). It can also be explained as an in-
dependently moving object at a different depth (Figure 6b,c, gray objects). A recent study showed
that perception of an object’s depth can be strongly biased by whether the object is moving rela-
tive to the scene (French & DeAngelis 2022) (Figure 6f), demonstrating a coupling between the
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perception of object motion and depth. This interaction can also be understood using the con-
straint ray (Figure 6e): Object motion shifts the point at which the retinal velocity vector intersects
the constraint ray. In the absence of other strong depth cues, this intersection point determines
the perceived depth, such that object motion causes biased depth perception. By asking human
subjects to simultaneously report the depth sign of an object (i.e., near versus far) and whether it
is moving in the world, the perceptual tradeoffs between motion and depth can be modeled as a
Bayesian causal inference problem (French 2021).

4. INFERENCE OF VIEWING GEOMETRY AND ITS ROLES IN MOTION
AND DEPTH PERCEPTION

As discussed in Section 2.4, the effects of smooth pursuit eye movements on visual perception
have been extensively studied in 2D scenarios (Freeman & Banks 1998; Freeman et al. 2000, 2010;
Souman & Freeman 2008; Souman et al. 2006a; Spering & Montagnini 2011; Wertheim 1981,
1987, 1994). It is generally believed that the visual system subtracts a reference signal associated
with the pursuit eye velocity from the retinal motion of an object to compute object motion in the
world (Freeman & Banks 1998; Freeman et al. 2000, 2010; Souman & Freeman 2008; Souman
et al. 2006a; Spering & Montagnini 2011; Wertheim 1981, 1987, 1994). A critical assumption of
this type of model is that the visual consequence of smooth pursuit is a single optic flow vector
that can be canceled by a reference signal (Freeman 2001, Wertheim 1994). While this assump-
tion largely holds for pure eye rotations (Figure 74), the situation is more complicated when we
consider a simple extension to eye rotation and translation against a 3D background (Figure 74).

First, consider the case in which a stationary observer makes a pure eye rotation to track a target
againsta 3D background (Figure 74, R viewing geometry). In this case, background image motion
is a rotational flow field equivalent to a rotation of the scene around the eye (Figure 74). Under
planar image projection, this rotational flow field is not purely laminar, but the motion vectors are
independent of depth (in Equation 2, the depth-dependent term, T'/Z, is now zero, and vy = R)
(Kim et al. 2015b). Thus, the optic flow vector caused by smooth pursuit is well defined at any
given point on the retina (Figure 7c, vf), and the classic model of subtracting a single reference
vector is still applicable. For example, leftward smooth pursuit would induce a leftward bias in the
perceived direction of a moving object relative to its retinal direction (Figure 7h, orange curves),
as observed empirically (Champion & Freeman 2010, Souman et al. 2005, Zivotofsky et al. 2005).
Because the optic flow vectors do not vary as a function of depth in this viewing geometry, the
observer would be unable to discriminate between near and far depths without additional depth
cues (Figure 7, orange band).

This case of a pure eye rotation, however, is not typical of natural behavior. Rather, we often
use smooth pursuit eye movements to transiently fixate a point in space (e.g., on the ground plane)
while we translate relative to the scene (Lappi et al. 2020, Matthis et al. 2018, Tuhkanen etal. 2019).
Even a microscopic head translation produces sufficient motion parallax cues for perceiving depth
(Aytekin & Rucci 2012). This simple extension to a combination of eye rotation + translation
(R+T) profoundly affects how the brain should compensate for the visual consequences of pursuit.
In Figure 7d, an observer translates laterally while counter-rotating their eye to maintain fixation
on a world-fixed point (gold square). This R+T viewing geometry requires an identical smooth
pursuit eye movement to the R geometry in Figure 74, but the visual consequences are strikingly
different. In the R+T case, optic flow reflects a rotation of the scene around the point of fixation,
such that near and far objects move in opposite directions and with speeds that increase with
distance from fixation (Figure 7d). In this viewing geometry, depth is related to the ratio of retinal
and eye velocities (Figure 7e), known as the motion-pursuit law (Nawrot & Stroyan 2009). Thus,
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Perception of object motion and depth depends on the viewing geometry inferred from optic flow. (#) In the pure rotation (R)
geometry, an observer rotates their eye to track a moving target (go/d square). This generates optic flow (green arrows) that is depth
invariant and can be described as a rotation of the scene around the center of the eye (pivot point, p). (6) In the R viewing geometry, it is
natural for the brain to perform a coordinate transformation and compute object motion relative to the head or world. Here, the
scene-relative velocity of an independently moving object (soccer ball, v,y,;) can be inferred by adding eye velocity (veye, gold arrow) to
retinal velocity (vret, gray arrow). (¢) The constraint ray for the R geometry is reduced to a point (go/d dot), and the object’s motion is
given by the violet vector. (d) In the rotation + translation (R+T) geometry, an observer translates to the right and counter-rotates their
eye to maintain fixation at a stationary target (go/d square). This yields optic flow that is highly depth dependent and can be described as
a rotation of the scene around the fixation point, p. (¢) In the R+T viewing geometry, it is natural for the brain to compute depth from
motion parallax. By the motion-pursuit law, the relative depth of a stationary object (soccer ball), d/ f, can be computed by taking the
ratio between retinal and eye velocities. (f) In the R+T geometry, the absolute depth (violet dot), Z, is given by a particular point along
the constraint ray defined by retinal motion. (g) Illustration of the motion estimation and depth discrimination tasks used in Xu et al.
(2024). (b) Theoretical predictions for the motion estimation task (/ef?) and data from an example subject (right). Note that data points
have been slightly jittered horizontally for clarity. Different shadings represent varying amounts of self-motion accounted for by the
observer. (/) Theoretical predictions (/eff) and data from an example subject (right) for the depth discrimination task. Error bars indicate
the standard deviation of the mean. Panels 4 and 7 adapted from Xu et al. 2024) (CC BY-NC 4.0).

when the eye translates and counter-rotates horizontally, the horizontal component of an object’s
motion could be attributed to it lying at some particular depth, especially if other depth cues (e.g.,
size) are unreliable (Figure 7f). Therefore, in this viewing geometry, it is natural for the brain to
explain away at least some of the horizontal component of retinal motion as being due to depth,
which should lead to a vertical bias in the perceived direction of an object (Figure 7b, blue curves).
Correspondingly, the sign of perceived depth (i.e., near versus far) should depend strongly on the
direction of eye rotation in this viewing geometry (Figure 77, blue curves).

To summarize, even a simple extension toward a more natural viewing geometry
(Figure 7d,e) renders the classic scheme for pursuit compensation inadequate. This raises an im-
portant question: Does the brain automatically infer viewing geometry from optic flow and adjust
its computations of motion and depth accordingly?

In an attempt to provide a unified account for motion and depth perception under different
viewing geometries, Xu et al. (2024) characterized the relationship between viewing geometry
and optic flow, demonstrating that humans automatically and flexibly perceive motion and depth

438 Xu o DeAngelis


https://creativecommons.org/licenses/by-nc/4.0/legalcode

distinctly when different viewing geometries are simulated by optic flow. Specifically, they showed
that the computations of motion and depth in these different viewing geometries can be unified
by considering the rotation pivot of optic flow. In the R geometry, the optic flow rotates around
the eye (Figure 7a, point p), whereas in the R+T geometry, the optic flow rotates around the
fixation point (Figure 7d, point p). They derived a general relationship relating scene-relative
object velocity, eye velocity, and retinal velocity:

Uobj = Uret + (1 - (1 + d/)P/) Veye - 7.

Here, d' £ d/ f, where f denotes the viewing distance (i.e., eye to fixation point), and d denotes
depth relative to the fixation point (negative d indicates objects nearer than the fixation point).
In addition, p’ £ p/f, where p denotes the point in space around which the scene rotates. For
the R viewing geometry, p’ = 0, and Equation 7 simplifies t0 vypj = Vrer + Veye (Equation 5), which
denotes a standard coordinate transformation from retinal to head coordinates (Figure 7b,c). For
the R+T viewing geometry, p’ = 1, and Equation 7 simplifies to the standard motion-pursuit law
(Nawrot & Stroyan 2009) when the target object is stationary in the world (vo,; = 0; Figure 7e):
d = d/f = Uret/veye~

By asking human subjects to provide an analog report of the motion direction of an object dur-
ing the presence of different optic flow patterns (Figure 7g, motion estimation), Xu et al. (2024)
demonstrated that humans exhibit a horizontal bias in perceived direction when optic flow simu-
lated the R viewing geometry and a vertical bias in perceived direction when optic flow simulated
the R+T geometry (Figure 7h, right), as predicted by the theoretical framework (Figure 7b, left).
Furthermore, results from a depth discrimination task (Figure 7g) showed that reliable depth per-
ception emerges in the R+T geometry but less so in the R geometry, with a strong relationship
between the perceived depth sign (i.e., near versus far) and the direction of eye rotation in the
R+T geometry (Figure 77, right) (Xu et al. 2024). This pattern of results is again well predicted
by the theory (Figure 77, left).

These novel findings demonstrate that human observers automatically, and without any train-
ing or feedback, infer their viewing geometry from optic flow and alter their computations
of object motion and depth. Understanding how these flexible computations are implemented
neurally is of considerable interest (Xu 2023).

5. CONCLUSIONS

Existing visual psychophysical studies have primarily focused on relatively simple viewing ge-
ometries, such as a stationary observer making pursuit eye movements in studies of coordinate
transformation (De Graaf & Wertheim 1988; Filehne 1922; Freeman & Banks 1998; Freeman
etal. 2010; Souman et al. 2005, 2006a; Spering & Montagnini 2011; Wertheim 1981, 1987, 1994),
an observer moving laterally and counter-rotating their eyes in studies of depth from motion par-
allax (Bradshaw & Rogers 1996; Gogel & Tietz 1973; Graham & Rogers 1982; Naji & Freeman
2004; Nawrot 2003; Nawrot & Stroyan 2009; Ono et al. 1986, 1988; Rogers & Graham 1982;
Rogers & Rogers 1992; Stroyan & Nawrot 2012), or a forward-moving observer who makes no
eye movements in studies of flow parsing (Foulkes et al. 2013; MacNeilage et al. 2012; Niehorster
& Li 2017; Peltier et al. 2020; Warren & Rushton 2007, 2008, 2009a,b). We have reviewed our
current understanding of how humans perceive object motion and depth under these constrained
viewing geometries, along with what is known about some of the underlying neural mechanisms.

In natural behavior, however, our actions often include translations and rotations along multi-
ple axes at the same time (Matthis et al. 2022), and the computations of object motion and depth
are highly intertwined in such complex viewing geometries. Fortunately, optic flow generated by
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self-motion is well characterized (Gibson 1950, Longuet-Higgins & Prazdny 1980), and our anal-
ysis of viewing geometry provides a framework that can begin to unify the interactions between
object motion, depth, and self-motion under more natural conditions. Constraint ray analysis is
a valuable tool that helps to reveal general principles that can be applied to self-motion in more
naturalistic environments. The translation, T, and rotation, R, terms include movements in six de-
grees of freedom (Equation 2), and computations of object motion and depth may be performed
for a variety of more complex types of self-motion. Our analysis thus provides a framework for
quantitative predictions of motion and depth perception during self-motion. Future work focus-
ing on movements that involve translations and rotations along multiple axes will be valuable for
validating our framework. Virtual reality, along with eye tracking and omnidirectional treadmills,
will be a powerful tool for such investigations.

Another step toward more naturalistic conditions involves characterizing the statistics of optic
flow generated during natural behaviors (Matthis et al. 2018, 2022; Muller et al. 2023; Panfili et al.
2022). Recent studies have shown that retinal motion statistics during natural behavior reflect
complex interactions between gaze location and locomotion, which are adaptively shaped by the
environment (Matthis et al. 2018). It remains unknown whether perception of object motion and
depth during natural behavior follows the same principles as identified in existing psychophysical
studies.

1. Visual motion provides powerful cues to infer object motion, depth, and self-motion,
but the interactions between these three variables also present a major challenge for the
analysis and interpretation of retinal image motion.

2. Substantial progress has been made in understanding how humans perceive motion
or depth in simple viewing geometries, but less is known about the full three-way
interactions between object motion, depth, and self-motion.

3. Neural mechanisms for computing object motion and depth have been elucidated
in some specific self-motion conditions, but much remains to be learned about the
underlying neural computations.

4. Quantitative analysis of how optic flow depends on viewing geometry makes specific
predictions for how perception of object motion and depth is influenced by viewing
geometry, and recent studies provide empirical support for these predictions.

1. Further validation of our analysis framework requires testing the interactions between
object motion, depth, and self-motion in more generalized viewing geometries.

2. Neural mechanisms underlying the full three-way interactions between object motion,
depth, and self-motion remain largely unexplored.

3. Training animals to perform perceptual decision-making tasks that involve joint judg-
ments of multiple variables will inform our understanding of the neural mechanisms of
perceptual tradeoffs.
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4. Investigation of the statistics of viewing geometries in natural behavior would facilitate
the study of object motion and depth perception in natural settings.

5. Recording neural activity in freely moving animals may provide insights into the neural
mechanisms by which self-motion is accounted for in all six degrees of freedom.
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