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Introduction

Depth from motion parallax (MP) is given by the ratio of retinal image velocity, 𝑑𝜃/𝑑𝑡,
to eye velocity, 𝑑𝛼/𝑑𝑡. (Motion/pursuit law; Nawrot & Stroyan 2009)

𝑑

𝑓
≈ −

𝑑𝜃/𝑑𝑡

𝑑𝛼/𝑑𝑡
= −

𝑅𝑒𝑡𝑖𝑛𝑎𝑙 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦

𝐸𝑦𝑒 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦

Studies have shown that neurons in area MT are selectively tuned to near or far depth

defined by MP (Nadler et al. 2008), and this neural selectivity is accomplished by

combining retinal motion with smooth pursuit command (Nadler et al. 2009). The

interaction between retinal signal and the direction of eye movement was previously

modeled as gain modulation (Kim et al. 2017). However, the nature of joint coding for
retinal and eye velocities still remain unclear.

Methods

The animal was fixating at a world-fixed target,

while a random-dot patch was presented

monocularly over the neuron’s RF.

Motion Parallax: Retinal & eye velocities

 Retinal Motion: Retinal velocity only
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Joint tuning for retinal and eye velocities

Emergent selectivity for depth from head-centered speed tuning

For each simulated neuron 𝑖 , Poisson spikes were generated from 𝑓𝑖(𝑣𝑟 , 𝑣𝑒) =
𝑎𝑖 ℎ𝑖 𝑣𝑟 +𝑤𝑖𝑣𝑒 +𝑐𝑖 , where 𝑤𝑖 is the weight of head coordinate and ℎ𝑖 𝑣 is log-

Gaussian function, ℎ𝑖 𝑣 = exp −
1

2𝜎𝑖
2 log 𝑣 + 𝛿𝑖 − log 𝑣𝑝,𝑖 + 𝛿𝑖

2
, ∀𝑣 > 𝛿𝑖.

Depth-sign preference as a function of neuronal parameters

Selectivity for depth-sign was quantified as depth-sign discrimination index (DSDI):

𝐷𝑆𝐷𝐼 =
1

4


𝑖=1

4
𝑅𝑓𝑎𝑟(𝑖) − 𝑅𝑛𝑒𝑎𝑟(𝑖)

𝑅𝑓𝑎𝑟(𝑖) − 𝑅𝑛𝑒𝑎𝑟(𝑖) + 𝜎𝑎𝑣𝑔(𝑖)

The effect of eye velocity is well-described by a gain modulation for some neurons.

For other neurons with slow speed preferences, retinal speed tuning clearly shifts

with eye velocity, causing a diagonal structure in the joint tuning profile.

This observation leads to an alternative explanation: neurons might be tuned to

velocity in head-coordinates (the sum of retinal and eye velocities), instead of being

tuned to the ratio of retinal and eye velocities.

Depth selectivity could arise from a modest shift toward head-centered speed tuning.

Both simulation and data show a similar relationship between preferred speed and

DSDI: neurons that prefer slow speed tend to be selective for far depth.

Model fittings and comparison

 Head-centered speed tuning (HT) model: 𝑟 𝑡 + 𝜏 = 𝑘 ℎ 𝑣𝑟 𝑡 + 𝑤 𝑣𝑒 𝑡 + 𝑏 𝑣𝑒 𝑡
Gain modulation (GM) model: 𝑟 𝑡 + 𝜏 = 𝑎2𝑣𝑒 𝑡 2 + 𝑎1𝑣𝑒 𝑡 + 𝑎0 × ℎ 𝑣𝑟 𝑡 + 𝑏 𝑣𝑒 𝑡

Conclusions

 Depth tuning from MP might be related to a shift toward head-centered speed tuning.

 A more extensive sampling of the joint tuning for retinal and eye velocities will be

necessary to distinguish the HT and GM models.

We are exploring whether this type of joint tuning would be valuable for computing

depth from MP when the object is also moving in the world.
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Speed in head coordinate: 𝑣ℎ𝑒𝑎𝑑 =
𝑑𝜃

𝑑𝑡
+

𝑑𝛼

𝑑𝑡
= 𝑅𝑒𝑡𝑖𝑛𝑎𝑙 𝑣𝑒𝑙. + 𝐸𝑦𝑒 𝑣𝑒𝑙.
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Permutation test 

on DSDI

 HT and GM models are indistinguishable

for most near-preferring neurons

 HT model provides a better fit for far-

preferring neurons

 MP-based depth tuning could emerge from tuning for speed in head-coordinates.

 Data analysis

We re-analyzed data from Nadler et al. (2008). For each depth condition, averaged

eye velocity and retinal velocity traces were computed. Mean firing rates were

calculated from PSTHs and mapped onto a retinal-eye velocities 2D space based on

the temporal profiles.
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depth tuning

Wilcoxon signed-rank 

test between models:
p = .458 (N = 144).

While we allowed w to be either

positive or negative, the estimated

values are positive for most neurons.

This left-skewed distribution is

aligned with a shift toward head
coordinate (vr + ve).
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