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Depth perception requires the use of an internal model
of the eye-head geometry to infer distance from
binocular retinal images and extraretinal 3D eye-head
information, particularly ocular vergence. Similarly, for
motion in depth perception, gaze angle is required to
correctly interpret the spatial direction of motion from
retinal images; however, it is unknown whether the
brain can make adequate use of extraretinal version and
vergence information to correctly transform binocular
retinal motion into 3D spatial coordinates. Here we
tested this hypothesis by asking participants to
reconstruct the spatial trajectory of an isolated disparity
stimulus moving in depth either peri-foveally or
peripherally while participants’ gaze was oriented at
different vergence and version angles. We found large
systematic errors in the perceived motion trajectory that
reflected an intermediate reference frame between a
purely retinal interpretation of binocular retinal motion
(not accounting for veridical vergence and version) and
the spatially correct motion. We quantify these errors
with a 3D reference frame model accounting for target,

eye, and head position upon motion percept encoding.
This model could capture the behavior well, revealing
that participants tended to underestimate their version
by up to 17%, overestimate their vergence by up to 22%,
and underestimate the overall change in retinal disparity
by up to 64%, and that the use of extraretinal
information depended on retinal eccentricity. Since such
large perceptual errors are not observed in everyday
viewing, we suggest that both monocular retinal cues
and binocular extraretinal signals are required for
accurate real-world motion in depth perception.

Introduction

Stereoscopic vision is crucial for perceiving and
acting on objects moving around us in three-dimen-
sional (3D) space. Consider a batter in baseball: To
accurately swing at an approaching pitch, the visuo-
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motor system must first estimate the 3D spatial motion
of the ball in space from two 2D retinal projections
(Batista, Buneo, Snyder, & Andersen, 1999; Blohm &
Crawford, 2007; Blohm, Khan, Ren, Schreiber, &
Crawford, 2008; Chang, Papadimitriou, & Snyder,
2009). That means the brain has the difficult task of
assigning coordinating points on each retina to the
moving object and using an internal model of the eye-
head geometry to accurately compute its 3D egocentric
distance (Blohm et al., 2008; Harris, 2006; Welchman,
Harris, & Brenner, 2009). However, exactly which
signals are used to extract motion-in-depth from
binocular images is unclear.

Part of the confusion comes from an overabundance
of available depth cues in typical viewing. Motion-in-
depth cues can arise from both retinal and extraretinal
sources and can be monocular or binocular. Monocular
cues include retinal image features (e.g., shading, texture,
defocus blur, perspective, optical expansion, kinetic
depth cues, motion parallax, etc.; Guan & Banks, 2016;
Held, Cooper, & Banks, 2012; Zannoli, Love, Narain, &
Banks, 2016; Zannoli & Mamassian, 2011), and ocular
accommodation (Guan & Banks, 2016; Mon-Williams &
Tresilian, 2000). Binocular cues include retinal disparity,
inter-ocular velocity differences (Nefs & Harris, 2010;
Nefs, O’Hare, & Harris, 2010), change in disparity over
time (Nefs & Harris, 2010; Nefs et al., 2010), ocular
vergence (Mon-Williams & Tresilian, 1999; Mon-Wil-
liams, Tresilian, & Roberts, 2000) and version angles
(Backus, Banks, Van Ee, & Crowell, 1999; Banks &
Backus, 1998). Ultimately, however, because retinal
disparity varies nonuniformly with 3D eye-in-head
orientation (Blohm et al., 2008), retinal signals alone are
insufficient to estimate motion-in-depth; rather, the
visual system must account for the full 3D geometry of
the eye and head (Blohm et al., 2008; Harris, 2006;
Welchman et al., 2009). Indeed, Blohm et al. (2008)
demonstrated that the visual system accounts for 3D
eye-in-head orientation to accurately reach to static
objects in depth, but how this finding extends to moving
objects in depth is unclear. Harris (2006) and Welchman
and colleagues (2009) found psychophysical evidence
supporting the use of binocular extraretinal signals (both
static and dynamic) for motion in depth perception, but
their relative contributions to the spatial 3D percept
remain unclear. Here, we attempt to answer this
question by asking participants to reconstruct motion-
in-depth trajectories from only binocular depth cues
across various vergence and horizontal version angles,
then use 3D geometric modeling to compare these
reconstructions directly to motion-in-depth perception
predicted by relative disparity.

Another open question is how motion-in-depth
perception depends on retinal eccentricity. Although the
magnitude of relative disparity increases with retinal
eccentricity for a given fixation (Blohm et al., 2008),

many of the observed disparity-selective cortical cells are
tuned for small-magnitude disparities (DeAngelis &
Uka, 2003), hinting that binocular signals may play a
large role for depth perception near the fovea but not in
the periphery. Convincing work from Held et al. (2012)
found that position-in-depth is extracted in a comple-
mentary way: using mostly binocular disparity signals at
the fovea and using mostly defocus blur in the periphery.
Rokers et al. (2018) found that a Bayesian model
weighting retinal motion signals according purely to
sensory noise and 3D viewing geometry could explain a
lateral bias (resulting in a compression-like effect) in
motion in depth perception for trajectories presented off
the midsaggital line (Fulvio, Rosen, & Rokers, 2015).
Therefore, understanding the interaction between avail-
able motion in depth cues (e.g., changing disparity over
time, defocus blur), retinal eccentricity, and binocular
geometry, and their contributions to motion in depth
perception presents a logical next step.

In this study, we asked participants to reproduce the
perceived horizontal depth spatial trajectory of an
isolated disparity stimulus observed either foveally or
peripherally under different vergence and version
angles, with the goal of understanding the relative
contribution of binocular eye orientation signals to
motion in depth perception for motion at different
retinal eccentricities. Using this motion reconstruction
task, we found large systematic errors in the perceived
motion trajectory. These errors seemed to reflect those
predicted by a partial transformation of retinal motion
into an intermediate (i.e., spatially incorrect) reference
frame resulting from an incomplete accounting of
binocular eye orientation signals into the percept. A
simple geometric model could capture the behavior well
and allowed us to quantify the relative contribution of
horizontal version, vergence, and change in retinal
disparity to motion-in-depth perception. This model
revealed that participants tended to underestimate their
version, overestimate their vergence, and underestimate
the overall change in retinal disparity in a nonuniform
way across the retina—resulting an encoding of 3D
spatial motion in neither retinal, nor spatial, but
intermediate coordinates irrespective of retinal eccen-
tricity. Extended to real world viewing, we infer that
motion-in-depth estimation is an eccentricity-depen-
dent process that explicitly requires the use of both
binocular and monocular depth cues for accuracy.

Materials and methods

Participants

In total, 13 participants (age 22–35 years, 10 male three
female) were recruited for two experiments after informed
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consent was obtained. Twelve of 13 participants were
right-handed and all participants were naı̈ve as to the
purpose of the experiment. All participants had normal or
corrected-to-normal vision and did not have any known
neurological, oculomotor, or visual disorders. We also
evaluated participants’ stereoscopic vision using the
following tests: Bagolini striated glasses test (passed by all
participants), Worth’s four dot test (passed by all
participants), and TNO stereo test. All but participants 1
and 4 could detect disparities �60 s of arc. Participant 1’s
and 4’s detection thresholds were 240 and 120 s of arc,
respectively; however, despite their higher stereoacuity
thresholds, these participants did not behave in any
qualitatively different way relative to the rest of the
participants during the study. All procedures were
approved by the Queen’s University Ethics Committee in
compliance with the Declaration of Helsinki.

Experimental paradigm

We used a novel 3D motion paradigm to determine
how motion-in-depth is perceived across different hori-
zontal version and vergence angles in complete darkness.
This paradigm is illustrated in Figure 1. In panel A, we
show the physical setupwith the array of red light-emitting
diodes (LEDs) representing possible fixation targets (FTs;
filled red circle represents the sample trial’s illuminated
FT) and the green LED (filled green circle) representing
the motion target (MT), which was attached to the arm of
a custom 3D gantry system (Sidac Automated Systems,
North York, ON) that was positioned at the same
elevation as the eyes and moved within the lateral depth
(x-z) plane. All LEDs had a physical diameter of 5 mm.At
the end of target motion, participants were instructed to
reconstruct the motion of this target using a stylus on the
touchscreen in front of them. On each trial, the FT was
reflected through a mirror oriented at 458 and positioned
at the level of the eyes, such that the participant perceived
the FT as located in the same lateral depth plane as the
MT. Other key elements in the physical setup included a
stationary Chronos C-ETD 3D video-based eye tracker

�

 
Figure 1. Apparatus and virtual setup. (A) Experimental apparatus,

including 3D motion robot with attached MT LED (green), fronto-

parallel arc-array of 9 FT LEDs (red), 458 oriented semitransparent

mirror, fixed Chronos eye tracker, and touchscreen. For a given trial,

one of the FT LEDs is illuminated and reflected at eye-level using

the semitransparent mirror. Meanwhile, the motion robot moves

the MT LED in the horizontal depth plane also at eye level, creating

the participant view shown in the inset. (B) Virtual setup created by

the experimental apparatus and tested motion trajectories, with six

orientations (308 steps from 08 to 1508) and three curvatures (�908,

08, and 908), with version angles of�308, 08, and 308, and vergence

angles of approximately 8.88, 4.88, and 38.
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(Chronos Vision, Berlin, Germany) with an attached bite-
bar for head stabilization to ensure stable fixation on the
FT during target motion. This physical arrangement
allowed us to present FTs in the MT plane while avoiding
physical collisions (panel B) with FTs positioned at nine
different locations, spaced in a polar grid. The FTs’ spatial
positions corresponded to three horizontal version angles,
�308, 08, and 308. The FTs were also positioned across
three metric distances corresponding to three vergence
angles (assuming a nominal interocular distance of 6.5
cm): 42 cm (;8.88 vergence angle), 78 cm (;4.88 vergence
angle), and 124 cm (;38 vergence angle). TheMTs moved
around these points according to 18 different motion
trajectories (six orientations spaced equally from 08 to
1808, with three possible curvatures) purely in the lateral
depth plane. At the chosen depths, FT LEDs subtended a
maximum visual angle of 4 arcmin and a minimum of 1.3
arcmin, while the MT LED subtended a maximum visual
angle of 5.5 arcmin and a minimum of 1.1 arcmin. The
trajectories of theMTs were scaled with distance such that
they subtended the same overall retinal angle, traversing a
maximum of 22 cm in depth when centered on the near
FTs, 40 cm when centered on the middistance FTs and 65
cm when centered on the far FTs.

Procedure

Participants knelt, supported by the custom apparatus,
in complete darkness. Each trial was defined by three
phases: (a) fixation, (b) motion observation, and (c)
reporting. During the fixation phase (0–500 ms), partic-
ipants fixated a randomly selected, illuminated FT from
the array of nine LEDs. During the motion observation
phase (1,500–3,200 ms), participants maintained fixation
on the FT while the MT was displaced by the robot. That
MT displacement either occurred in the immediate space
around the FT (foveal condition) or around the central
(nonilluminated) LED while the participant maintained
fixation on the FT (peripheral condition). The eccentricity
of target motion was random and counterbalanced across
trials such that participants could not predict the
upcoming eccentricity. Participants were asked to mem-
orize its trajectory in the lateral depth plane. During the
reporting phase (3,200 ms through trial end), participants
were asked to remove their head from the bite-bar and
trace the perceived spatial trajectory using a stylus on a
touchscreen, illuminated using a single bright LED for
this trial phase only. The light remained on until a
response was recorded, and participants were free to
restart their trace at any time. They touched the lower
right corner of the screen in order to end the current trial,
triggering the start of the next trial.

Trajectories were generated with the goal in mind of
covering a wide range of potential retinal motion signals
at various eccentricities. For each FT, we produced six

different orientations of movement, indicating the orien-
tation of the axis along which the target would travel,
including 08, 308, 608, 908, 1208, and 1508. For each of
these motion orientations, the direction of motion
(toward or away) was chosen randomly and only one
motion direction was sampled per participant. Each
motion orientation also had three potential curvatures,
between�908, 08, orþ908, measured as the angle between
the apex of the curve and the motion axis at its halfway
point. Finally, motion was either presented peri-foveally
around the FT (referred to as the ‘‘foveal’’ condition
throughout this report) or presented peripherally around
any of the eight other possible FTs (referred to as the
‘‘peripheral’’ condition throughout this report).

Trial selection

We recorded a total of (9 fixation targets 3 3
curvatures 3 6 orientations 3 2 motion location
conditions)¼ 324 trials for each participant (324 trials 3
13 participants¼ 4,212 total trials). Each trial type was
randomly interleaved throughout 10 blocks, with the
same trial order for each participant. Each participant
performed all 10 blocks. This allowed us to pool the
responses together across conditions and participants for
graphical purposes, as there were no within-participant
trial repetitions (model fits were performed on individual
trajectories). Upon offline analysis, we discovered that
one participant consistently failed to perform the
reconstruction portion of the task as instructed: The
participant drew the motion backwards and we therefore
excluded that data from the analysis, leaving 12
participants (3,888 total trials). Although such an
inversion of the motion trajectory could be a result of
increased sensory noise for this particular participant
(Fulvio et al., 2015; Rokers et al., 2018), the behavior was
consistent across most, but not all, MTs and motion
conditions, thus making their data impossible to interpret
using reference frame analysis. Of the remaining 3,888
trials, we examined recorded eye movement data and
removed trials containing eye movements or blinks
during the motion phase of each trial, leaving 3,869 valid
trials for analysis. For offline comparisons between
reconstructed trajectories, we normalized all drawn
trajectories according to the distance between the start
and endpoint of the target motion. We then used linear
interpolation to subsample exactly 1,000 points for each
drawn trace, equalizing each trial in length.

3D binocular kinematic model

We developed a 3D model of the binocular retina-
eye-head geometry to predict how behavioral motion
reconstructions might vary across version and ver-
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gence angles (Blohm et al., 2008). This model
consisted of three primary stages: retinal motion
encoding, inverse modeling, and spatial motion
decoding. We used the dual quaternion algebraic
formulation previously described elsewhere to esti-
mate the complete relationship between retinal ge-
ometry, eye geometry, head geometry, and space
(Blohm & Crawford, 2007; Blohm et al., 2008;
Leclercq, Blohm, & Lefèvre, 2013; Leclercq, Lefèvre,
& Blohm, 2013). Except for when otherwise denoted,
when we present standard quaternion equations
below, we present only the relevant portion of the dual
quaternion (rotational or translational), while the
other portion of the quaternion represented the null
operation. First, we computed the binocular retinal
projections of the motion stimulus, given the current
eye and head orientations (retinal motion encoding
stage). We carried out this step assuming an inter-
ocular distance of 6.5 cm and accounting for the
binocular orientation of each eye’s Listing’s plane
(Listing’s law extended) according to the following set
of quaternion equations (Blohm & Crawford, 2007;
Leclercq, Lefèvre, et al., 2013):

QLP ¼

0
0

cos a
� sin a

2
664

3
775 ð1Þ

Because we used an assumed, and not measured,
interocular distance to compute the retinal model
predictions, we carried out additional testing to ensure
that they did not change with an over- or underesti-
mation of interocular distance for our tested vergence
angles. We found that our retinal model predictions
were stable for participants within the expected
anatomical ranges, given our testing population
(Dodgson, 2004). With the pitch of Listing’s plane (a)
assumed to be 58 (Blohm & Crawford, 2007), we
implemented the binocular extension of Listing’s Law
using the following relationship between vergence angle
and the ‘‘saloon door’’-like tilt around the vertical axis
of each eye’s Listing’s plane (Blohm et al., 2008):

QL2;L ¼ QLP

cos hv
2

0
0

sin hv
2

2
664

3
775 ð2AÞ

QL2;R ¼ QLP

cos �hv
2

0
0

sin �hv
2

2
664

3
775 ð2BÞ

and

hv ¼ lv 3 vergence

where hv represents the tilt around the vertical axis and
the Listing’s plane tilt gain lv is assumed to be 0.25
(Blohm et al., 2008). We then computed the shortest
rotation from primary position QL2 to the normalized
current eye-centered, head-fixed gaze position GEH:

QEH;L ¼ � GEH;L

GEH;L

�� ��3QL2;L

 !1
2

ð3AÞ

QEH;R ¼ � GEH;R

GEH;R

�� ��3QL2;R

 !1
2

ð3BÞ

These basic equations allowed us to compute the
binocular retinal projections of the spatial motion
given their position relative to the eyes. Note that for
this experiment we ignored the effects of ocular
counter-roll and the torsional VOR on the orienta-
tion of Listing’s plane, as the head was always
maintained upright (Blohm & Lefèvre, 2010). The
projection from a cyclopean centered, head-fixed MT
pCH with corresponding quaternion representation
Qp,CH to each eye was given by the following
translation (based on interocular distance, QT

iod),
followed by rotation by the current eye orientation
(QR

EH), resulting in an eye-centered, eye-fixed, target
representation Qp:

Qp;L ¼ QR
EH;L

�1
QT

iod;L

�1
Qp;CHQ

T
iod;L

� �
QR

EH;L ð4AÞ

Qp;R ¼ QR
EH;R

�1
QT

iod;R

�1
Qp;CHQ

T
iod;R

� �
QR

EH;R ð4BÞ

We then computed the retinal projection angles from
the vector part of each eye’s quaternion, pL and pR,
using the Fick convention (Blohm et al., 2008). This
gave us the eye-centered, eye-fixed, target direction of
the MT, DMT,EE:

DMT;EE;L ¼
sin hLð Þ cos /Lð Þ
cos hLð Þ cos /Lð Þ

sin /Lð Þ

2
4

3
5 ð5AÞ

DMT;EE;R ¼
sin hRð Þ cos /Rð Þ
cos hRð Þ cos /Rð Þ

sin /Rð Þ

2
4

3
5 ð5BÞ

where h and / refer to the horizontal and vertical target
projection angles, respectively.

Using this procedure, we computed the retinal
projection of the target motion, given some propor-
tion of version and vergence based on version gain
(gvs) and vergence gain (gvg). This operation repre-
sented the motion trajectory after the eyes had moved
to the inverse estimates of version and vergence angles
during the encoding of retinal motion (inverse
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modeling stage). We then back-projected the retinal
motion trajectory points into space for each eye by
computing the cyclopean-centered, head-fixed trans-
formation using the left and right eye rotation and
translation quaternions representing Listing’s law and
interocular distance, respectively, as described above.
We computed the 3D location of the rays’ intersec-
tion, representing the decoded depth (spatial decod-
ing stage). At this stage, we applied the depth gain
(gd) to the depth component only, representing any
lateral compression effects (Fulvio et al., 2015;
Rokers et al., 2018). We present this modeling
framework in Figure 2 from left to right. In panel A,
first we represent the retinal motion encoding stage,
which we computed based on the actual geometry of
the eyes and head.

This modeling framework allowed us to describe the
reconstructed trajectories by varying the contributions
of version (gvs) and vergence (gvg) to the inverse model,
and motion purely in depth (gd). Each parameter
accounted for a different aspect of the trajectory
(shown in Figure 2 insets). To produce the retinal
prediction, we set the version gain to 0 and used a
constant vergence gain of 1. Importantly, this retinal
prediction arbitrarily assumes that vergence is 100%
accounted for. Note that, because our model computes
the spatial intersection of the binocular back-projec-
tions, vergence gains had to be greater than 0
(otherwise the back-projections would be parallel).

Second, we represent the inverse modeling stage where
we varied the contributions of extraretinal signals.
Third, we represent the spatial motion output stage,
where we project the retinal motion, transformed by
some proportion of extraretinal signals (depending on
the values of gvs, gvg, and gd), back into space. In Figure
2B, we show a sample transformation for the retinal
case where version is unaccounted for, but vergence
and depth are accounted for (i.e., gvs¼ 0, gvg¼ 1, and gd
¼ 1).

For each participant, we carried out an 8,000-point
nonparametric grid search to minimize the RMSE
between the reconstructed trajectories separately for
foveal and peripheral motion and the model output, we
tested over the full plausible range of parameters (20
linearly spaced values for each parameter). After an
initial coarse search to find the expected range of
parameters, we used a search space with version gain
ranging from 0.5 to 1 with step sizes of 0.03, vergence
gain ranging from 0.25 to 1.75 with step sizes of 0.08,
and depth gain ranging from 0.2 to 0.8 with step sizes
of 0.03. This was followed by a second 512 point least-
squares fine fitting method within a 610% range for
gvs, gvg, and gd around the initialized parameters (eight
linearly spaced values for each parameter). We
performed this exact optimization procedure separately
for each vergence angle to avoid confounding vergence
effects. In total, we computed the fits of 3 3 (8,000þ
512)¼ 25,536 total parameter combinations. Given the

Figure 2. 3D geometrical model. (A) Retinal projection and inverse modeling stages of the 3D binocular kinematic model to generate

retinal and partial model predictions. Insets show individual parameter effects on reconstructed traces. The effects of version gain are

shown for a fixation version angle of 30; the effects of vergence gain are shown for a fixation vergence of 4.8; the effects of depth

gain are shown for trajectories with an orientation of 90. (B) Sample geometrical schematic showing a sample nonspatial prediction

for a single point within the motion trajectory. Color-matching dashed boxes represent the retinal projection and inverse geometry

stages of the model, respectively. In this example, gvs ¼ 0, gvg ¼ 1, and gd ¼ 1.
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number of potential parameter combinations and the
complex interactions with the 3D geometry, our
optimization strategy was more computationally trac-
table than more sophisticated error gradient-based
methods. This optimization provided parameter esti-
mates that consistently accounted for behavioral
variability across participants and motion conditions
(see Table 1). To ensure we did not artificially introduce
effects between motion conditions, we also carried out
this fitting procedure with the full datasets (merged
across foveal and peripheral conditions) and found
qualitatively identical reference frame results. Custom
Matlab scripts for generating model predictions and all
data are available on the Open Science Framework

website, and can be found via this link: https://osf.io/
pvz97/.

Statistical analyses

Group-level statistical tests primarily consisted of
two-tailed student t tests. We also performed paired t
tests when appropriate for comparing parameters across
conditions. We also tested for differences in the residuals
for different model outputs using one- and two-tailed F
tests for equal variance. The rest of the statistical
treatment of the data consisted primarily of computing
correlation coefficients and regression analyses.

Participant R
2 spatial R

2 retinal Version gvs Vergence gvg Depth gd R
2 model

F

(retinal, model)

F

(spatial, model)

1

Foveal 0.33 0.16 0.66 1.51 0.37 0.52 2.95 1.51

Peripheral 0.28 0.17 0.97 0.97 0.26 0.49 2.34 1.21

2

Foveal 0.67 0.29 0.81 1.24 0.74 0.67 3.51 0.87

Peripheral 0.60 0.20 0.97 1.04 0.57 0.59 4.56 1.07

3

Foveal 0.48 0.27 0.66 1.38 0.63 0.54 2.77 1.02

Peripheral 0.50 0.25 0.93 1.03 0.49 0.53 3.38 1.00*

4

Foveal 0.49 0.33 0.55 1.30 0.53 0.62 4.95 1.55

Peripheral 0.42 0.23 1.00 1.03 0.36 0.52 4.76 2.06

5

Foveal 0.65 0.23 0.94 1.24 0.63 0.67 3.68 1.04

Peripheral 0.50 0.25 0.99 0.97 0.44 0.53 6.50 0.79

6

Foveal 0.64 0.27 0.76 1.38 0.81 0.59 3.34 1.25

Peripheral 0.55 0.24 0.91 0.97 0.56 0.55 4.08 1.10

7

Foveal 0.67 0.27 0.84 1.24 0.74 0.66 5.06 0.80

Peripheral 0.66 0.23 0.97 1.11 0.61 0.62 5.27 0.88

8

Foveal 0.53 0.33 0.69 1.11 0.64 0.59 2.92 1.10

Peripheral 0.55 0.22 0.93 1.03 0.56 0.57 2.88 1.37

9

Foveal 0.53 0.33 0.63 1.50 0.79 0.64 3.12 1.32

Peripheral 0.47 0.25 0.80 1.04 0.53 0.56 3.89 1.27

10

Foveal 0.47 0.27 0.69 1.51 0.59 0.55 4.40 1.96

Peripheral 0.33 0.22 0.96 0.97 0.27 0.53 4.47 1.32

11

Foveal 0.49 0.20 0.87 1.77 0.71 0.55 2.81 1.34

Peripheral 0.34 0.17 0.96 0.97 0.31 0.47 5.43 1.09

12

Foveal 0.57 0.28 0.69 1.30 0.76 0.63 2.03 1.05

Peripheral 0.51 0.25 0.97 0.97 0.51 0.51 3.13 1.13

Table 1. Model parameters and goodness of fit comparisons. Notes: Bold F statistics represent significantly decreased residuals for the
model fit. Asterisk (*) represents a null two-tailed F-test result, given a null one-tailed F-test result.
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Downloaded from jov.arvojournals.org on 11/12/2019

https://osf.io/pvz97/
https://osf.io/pvz97/


Results

We sought to determine how visual perception
accounts for binocular eye orientation when recon-
structing motion in depth from disparity signals. To do
this, we designed a novel paradigm in which partici-
pants reconstructed motion of an LED in the
horizontal depth plane presented either foveally or
peripherally on the retina, while fixated in one of nine
randomly selected version and vergence orientations.
After observing the motion, we then instructed
participants to transform their fronto-parallel view into
a top-down spatial representation by asking them to
reconstruct the motion using a touchscreen positioned
in the coronal plane directly in front of them. We then
analyzed these reconstructed trajectories to determine
how they varied across eye orientation and motion
condition. To generate model predictions for the
reconstructed signals across changes in version and
vergence angles, we developed a 3D model of the
binocular eye-head geometry (Figure 2; see Materials
and methods for model details). This model allowed us
to characterize the eye orientation signals accounted for
by the perceptual system.

Reconstructed trajectories deviated from both the
spatial (physical) and retinal (see Materials and
methods) predictions for both foveal and peripheral
motion across all vergence angles. In Figure 3, we show
reconstructed motion trajectories for all participants
for a single horizontal version angle (308 to the left), a
single motion stimulus (orientation 608, curvature 08),
and for both foveal and peripheral motion conditions.
Also in Figure 3, we show the retinal prediction for the
motion in each case. These trajectories reveal a
qualitative compression effect for motion presented in
the retinal periphery (Figure 3, right column) compared
to that presented near the fovea (Figure 3, left column).
Such qualitative differences are not as readily apparent
between vergence angles (Figure 3, rows) given
interparticipant variability.

Similarly, we can observe how trajectories change
and compare to the retinal and spatial hypotheses for
different version angles. We show these trajectories
alongside their predictions for three representative
motion orientations in Figure 4, averaged across all
participants and vergence angles for foveal (top row)
and peripheral motion (bottom row). Note that,
although these are average trajectories, error bars have
been omitted for viewing clarity. These comparisons
revealed both an angular rotation between the trajec-
tories during nonzero version as well as a compression
of the behavioral traces in the depth dimension across
motion orientations; however, these patterns were not
consistent for both motion conditions, as only the
compression effect was obvious in the peripheral case.

The reconstructed trajectories appear to match
neither the spatial nor retinal hypotheses, suggesting
that the perceptual system only partially transformed
the retinal MT trajectories into spatial coordinates.
Importantly, participants were required to transform
retinal disparity using the full binocular geometry (and
not simply horizontal version, which may be inter-
preted from Figure 4) in order to correctly perceive the
spatial motion. We hypothesize that a failure to fully
account for this geometry led to the systematic errors
we observe in Figure 4. To capture the extent to which
the perceptual system accounted for binocular eye
orientations when estimating motion in the lateral
depth dimension, we used a two-step nonparametric
grid search to optimize the gvs, gvg, and gd inverse model
parameters for the behavioral trajectories, doing
separate optimizations for foveally and peripherally
presented motion to observe how the parameters
depend on retinal eccentricity (see Materials and
methods for detailed explanation of optimization
procedure). The results of this optimization are shown
in Figure 5 at both the single participant level (Figure

Figure 3. Reconstructed trajectories across vergence, motion

conditions. Also shown are the spatial motion prediction (black

solid lines) and retinal motion prediction (black dashed lines).

Open disks represent motion start, black disks represent

fixation relative to the spatial motion (foveal condition only),

different colors represent different vergence angles, shown in

left column. Motion orientation ¼ 608, motion curvature ¼ 08,

version angle ¼�308 (i.e., eyes to the left).
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5A) and group level (Figure 5B) for both the foveal and
peripheral motion conditions.

The parameters optimized for foveal and peripheral
motion were distinct, suggesting that motion-in-depth
perception varies with retinal eccentricity. For version
gain, we found that participants accounted for 83% 6
13% (mean 6 SD) of horizontal version during foveal
motion, compared to 96% 6 10% during peripheral
motion: paired t test, t(35) ¼�5.22, p , 0.01. Given
that version compensation during foveal motion was
incomplete, the apparent full compensation during
peripheral motion could have been the result of the
visual system using the retinal location of the stimulus
as a cue for current horizontal eye orientation,
effectively bypassing an explicit need for extraretinal
signals. Next, we found that the foveal depth gains
accounted for 54% 6 13% of depth speed and was
significantly greater than that for peripheral motion at
36% 6 14%: paired t test, t(35) ¼ 8.70, p , 0.01,
indicating that motion in depth was perceived to be
faster when foveal. Finally, participants used a foveal
vergence gain of 1.22 6 0.18. In contrast, participants
used a significantly smaller (and more accurate)
peripheral vergence gain of 0.98 6 0.15: paired t test,
t(35) ¼ 6.30, p , 0.0.

We present the parameter values and the model R2

values in Table 1. In this table, the computed R2 values
represent the variance accounted for under the spatial
and retinal hypotheses for each participant in each
motion condition (foveal and peripheral). Also shown
are the optimized model gain parameters (gvs, gvg, gd),
the corresponding model R2 values, and the results of a

one-tailed F test for equal variance (comparing the
model residuals to those for the retinal and spatial
hypotheses). In general, the model fit provided good fit
to the data, yielding a larger R2 value than either the
retinal or spatial predictions in 41 of 48 possible
comparisons. Statistically, the model fit provided a
better fit to the data in all retinal comparisons (all F
statistics significantly greater than 1), and in 19 of 24
spatial comparisons, though in one case we did not
detect a significant difference in residual variability
(participant 3, peripheral motion condition, spatial
hypothesis). To be sure we did not bias these results by
splitting motion conditions into the foveal and
peripheral conditions, we also carried out the model
optimization with the full datasets, merged across
motion conditions, and observed qualitatively identical
results. These findings suggest that an underestimation
of 3D eye orientation signals during the transformation
from retinal to spatial coordinates is responsible for
observed distortions to motion-in-depth perception.

Taken together, these three fit parameters allowed us
to characterize the extent to which the transformation
from retinal to spatial coordinates occurred for each
participant. We computed a transformation index, IT,
represented by Equation 6:

IT ¼ DR �DSð Þ= DR þDSð Þ ð6Þ
where DR and DS are the Euclidian distances of each set
of gain parameters from the retinal and spatial
hypotheses, respectively. For example, a purely spatial
set of gain parameters would be represented by [gvs gvg
gd] ¼ [1 1 1], corresponding to a DS¼ 0 and a DR ¼ 1;

Figure 4. Average across-participant (n¼ 12) foveal and peripheral reconstructed motion, compared with spatial (black) and retinal

(gray) predictions for three motion orientations (908, 608, and 08) and all three curvatures (08, 908, and �908) across horizontal

version, averaged across vergence. Visible are the more pronounced lateral compression effects and lack of version effects for

peripheral motion compared to foveal motion. Note that reconstructed traces were normalized in amplitude to the spatial and retinal

predictions, and error bars are omitted for viewing clarity.
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subsequently, IT¼ (1� 0)/(1þ0)¼1. By the same logic,
for a purely retinal set of gains, IT¼�1. We present the
distributions of these gain parameters for each partic-
ipant separated for foveal and peripheral motion,
merged across vergence fits, in Figure 6.

IT was significantly greater than 0 for both foveal:
mean 6 SD, 0.28 6 0.13; t(35)¼ 13.19, p , 0.01, and
peripheral motion: mean 6 SD, 0.29 6 0.09; t(35)¼
19.13, p , 0.01, suggesting that, in both cases, the
average reconstructed trajectory was coded according
to an intermediate coordinate frame that was more
similar to spatial than to retinal.

Discussion

We asked participants to estimate the motion-in-
depth of an isolated disparity stimulus and found large
systematic errors that differed depending on viewing

eccentricity, viewing angle, and motion trajectory (i.e.,
orientation, curvature). We found that a simple model
of the 3D eye-in-head geometry that used inverse
estimates of the ocular version angle, vergence angle,
and speed-in-depth could capture the reconstructed
trajectories well. For foveal motion, a model that
overestimated ocular vergence angle, underestimated
ocular version, and target speed fit the perceived
trajectories. For natural viewing, this result suggests
that additional monocular cues are necessary to
accurately estimate foveal motion in depth. Contrast-
ingly, for peripheral motion, a model that accurately
estimated eye orientation signals fit the perceived
reconstructions, but this model also severely underes-
timated the change in disparity over time—more than
during foveal motion. In this condition, binocular eye
orientations may have been inferred using eccentricity.
This finding assumes that the visual system has access
to the implicit mapping between retinal eccentricity and
eye orientation, and that it can use this mapping to

Figure 5. Results of model optimization. (A) Comparison of model outputs (light colored traces) and spatial predictions (black traces)

with actual reconstructed trajectories for a single motion orientation (608) and all curvatures after fitting version gain (gvs), depth gain

(gd), and vergence gain (gvg) parameters separately for each vergence distance and for foveal (left) and peripheral (right) motion

conditions, for single participant (#2). Also shown is the spatial motion start position in each motion condition; Note that the foveal

condition has fixation and motion start at every FT, but the peripheral condition has only motion start at the central FT, even though

participants fixated all nine FTs. (B) Group-level scatter plots showing peripheral versus foveal motion parameter fits for version gain (gvs,

left), depth gain (gd, middle), and vergence gain (gvg, right). Open disks represent participant parameters and solid disks represent group-

level parameters fit on all the data. Arrows above histograms represent group-level fit parameter locations along a given axis.
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correct for version-generated shifts of the retinal
projection. Using a simple transformation index
computed from the inverse model fits, we found that
spatial misperceptions corresponded to a partial
transformation of retinal motion into spatial coordi-
nates, regardless of retinal eccentricity. This evidence
supports an explicit requirement for both monocular
retinal cues and extraretinal signals for an accurate
perception of 3D motion, as neither retinal (Blohm et
al., 2008) nor extraretinal signals alone can support
geometrically correct stereoscopic perception. This
claim extends earlier work (Blohm et al., 2008; Harris,
2006; Welchman et al., 2009) with a model which
directly quantifies the extraretinal contribution to
motion in depth perception.

Such a reliance on monocular retinal cues and/or
contextual depth cues at the fovea is understandable
given their abundance in natural vision; however,
absolute depth cannot be extracted from monocular
cues alone (Blohm et al., 2008). Of course, this
incapacity rarely impacts typical naturalistic 3D
perception when multiple relative depth cues are
available. An additional reason why the visual system
might rely on monocular cues, despite often being
geometrically inaccurate, potentially comes from the
idea that estimates of binocular eye orientation are
unreliable (Blohm et al., 2008; McGuire & Sabes, 2009)
compared to monocular retinal cues (Welchman et al.,
2009), and these estimates might become even more
variable due to stochastic reference frame transforma-

tions (Alikhanian, Carvalho, & Blohm, 2015). The
head-to-world-centered coordinate transformation re-
quired to extract depth from disparity could be
stochastic (i.e., adding uncertainty to the final depth
estimate) and the fovea’s high spatial acuity means that
monocular motion cues could be quite reliable for
stereopsis (e.g., Ponce & Born, 2008) This interpreta-
tion is consistent with various lines of evidence showing
a propensity of the visuomotor system to optimally
account for perceptual (Burns, Nashed, & Blohm,
2011) and motor uncertainty (Burns & Blohm, 2010;
Schlicht & Schrater, 2007; Sober & Sabes, 2003)
resulting from stochastic reference frame transforma-
tions (Alikhanian et al., 2015), and is consistent with
behavioral evidence from visuomotor updating work
(Fiehler, Rösler, & Henriques, 2010; Henriques, Klier,
Smith, Lowy, & Crawford, 1998; Medendorp, Goltz,
Vilis, & Crawford, 2003; Murdison, Paré-Bingley, &
Blohm, 2013). Our setup included an explicit require-
ment for a reference frame transformation, by design,
in asking participants to draw their perception of the
top-down motion on a touch screen in front of them.
Although this paradigm allowed us to assess the
perceptual reference frame, it is likely that this forced
transformation resulted in added stochasticity to drawn
trajectories (Alikhanian et al., 2015; Burns & Blohm,
2010; Schlicht & Schrater, 2007). Ultimately, our setup
did not inform whether this added stochasticity altered
the reliability (and therefore the utility) of different
sensory and motor signals for perception.

The peripheral motion case presents an apparently
paradoxical finding: Eye-in-head orientation can be
accurately estimated (likely using retinal eccentricity)
whereas target change in disparity over time is
significantly underestimated relative to both its spatial
motion and its foveal motion. However, we provide
only a disparity stimulus to the observer regardless of
retinal location, and the relative contribution of
disparity to depth perception decreases with eccentric-
ity (Held et al., 2012). The observed percept of
compressed motion in the periphery is in line with the
idea of a lower weighted contribution of disparity cues
(Held et al., 2012), while changes in defocus blur of the
point stimulus were likely negligible. As well, the
tendency of disparity-tuned neurons to disproportion-
ately prefer disparities ,18 (DeAngelis & Uka, 2003) is
another clue that motion-in-depth at the fovea is
represented differently in the visual system than
motion-in-depth in the periphery, where disparity
magnitudes are much larger (Blohm et al., 2008). In
agreement with this idea, psychophysical findings
reveal that such a lateral compression could be
captured using Bayesian probabilities for visual target
motion (Rokers, Fulvio, Pillow, & Cooper, 2018;
Welchman, Lam, & Bulthoff, 2008) and due to greater
relative uncertainty in the estimate of the depth motion

Figure 6. Transformation indices (IT) for foveal and peripheral

motion. Also shown are the retinal (dashed) and spatial (solid)

predictions, with means for foveal (red) and peripheral (blue)

motion represented by color-matched arrows. Despite their

distinct model parameters, a similar intermediate reference

frame could represent perceived motion at both retinal

eccentricities.
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component for motion in the periphery (Fulvio et al.,
2015; Rokers et al., 2018). Determining whether
motion-in-depth perception is based on such a statis-
tically optimal combination of disparity, retinal defo-
cus blur and extraretinal cues therefore represents a
potential extension of this work.

To isolate for horizontal disparity as the primary cue
for depth perception, we removed any contribution of
visuomotor feedback by restricting movements of the
eyes and head. We determined the role of static eye
orientation signals in interpreting a dynamic, moving
stimulus, although in natural viewing our eyes and
head are often moving as well. Both disparity and eye
movements contribute to depth perception but the
precise nature of these contributions, and how they
might depend on one another, is unclear. For example,
vergence angle corresponds to perceived depth during
the kinetic depth effect (Ringach, Hawken, & Shapley,
1996), but artificially inducing disparity changes
between correlated (and anticorrelated) random-dot
stimuli can cause the eyes to rapidly converge (or
diverge) without any perception of depth (Masson,
Bussettini, & Miles, 1997). On the neural level,
disparity is coded in V1 without a necessary perception
of depth (Cumming & Parker, 1997). Psychophysics
work has shown that vergence eye movements are
beneficial, though not sufficient, for judging the relative
depth (Foley & Richards, 1972) and depth motion of
stimuli (Harris, 2006; Welchman et al., 2009), but to
our knowledge, before this report, no one had
quantified the 3D geometric extent to which these
signals are used to form a continuous perception of
motion in depth.

In addition, by restricting the orientations of the eyes
and head we removed feedback due to motion parallax
and changes in vertical disparity. Importantly, provid-
ing such dynamic visual feedback has been shown to
improve motion-in-depth perception in virtual reality
(Fulvio & Rokers, 2017). Although vertical disparity
naturally varies during normal ocular orienting, we
designed our task to keep vertical disparity constant for
a given gaze location. This manipulation not only
removed vertical disparities due to changes in cyclo-
vergence, but also vertical disparities due to changes in
head orientation (Blohm et al., 2008). These natural
changes in vertical disparity during eye and head
movements likely serve as another informative dynamic
cue for judging motion-in-depth under normal viewing
contexts. For the above reasons, presenting partici-
pants with a dynamic, motion-tracked version of our
task could therefore represent an important extension
of this work.

From an evolutionary perspective, it is unclear why
the visual system would underestimate binocular cues
when estimating motion in depth with static gaze.
Indeed, in an enriched visual environment, there are

often sufficient monocular cues available to the visual
system to be able to judge relative depth. During
everyday viewing in natural contexts, this is often the
case, especially for self-generated motion in depth. On
the other hand, our findings suggest that in some
special cases without an enriched viewing context such
a monocular strategy fails. How would such a
monocular strategy work for natural situations in
which monocular cues are sparse? And how can we
reconcile our findings that binocular gaze is not fully
accounted for with these special cases? We posit that
spatially correct depth motion in these cases must be a
result of motor adaptation, which can come from
repeated exposures to the same object physics resulting
from the same motor commands or from continuous
visual feedback providing a dynamic, predictive cue in
the event of changing visual and motor input. To
illustrate our point, consider two edge cases: juggling
and firefly catching. Expert jugglers learn to keep
mostly static fixation near the apex of the balls’
trajectories or even sometimes not fixate the balls at all
(especially when combining juggling with other tasks,
such as balancing). This strategy presumably takes
advantage of a learned internal model of the balls’
ballistic trajectory (resulting from manual motor
commands) combined with various monocular motion
cues to intercept each ball. Alternatively, one can
consider the case of attempting to catch a firefly in
darkness: Fixating while attempting this is intuitively a
bad idea because the flight of a firefly is largely
unpredictable. Instead, to catch the fly, a better strategy
might be to visually track its motion as, for example,
amphibians do (Borghuis & Leonardo, 2015). Such a
strategy would allow for the use of consistent
visuomotor feedback, allowing the construction of a
predictive model of the fly’s path (Borghuis &
Leonardo, 2015). Thus, follow-up experiments investi-
gating the interplay between (a) availability of mon-
ocular cues, (b) predictability of object physics, and (c)
facilitation from visuomotor learning would be infor-
mative of how our brain constructs motion-in-depth
percepts.

Conclusions

We quantified the extent to which visual perception
accounts for the 3D geometry of the eyes and head
when interpreting motion in depth under static viewing
conditions. We found that participants underestimated
3D binocular eye orientations, leading to different
spatial motion percepts for identical egocentric trajec-
tories. To perceive and successfully navigate through
the 3D world, our findings suggest that perception must
supplement binocular disparity signals with binocular
eye and head orientation estimates, monocular depth
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cues, and dynamic visuomotor feedback. It remains to
be seen, however, what the precise contributions and
relative weightings of each of these cues might be.

Keywords: ocular vergence, horizontal version, depth
perception, motion perception, reference frames
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