The head-direction system shows systematic parallax error
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Abstract

Spatial navigation relies on the head-direction (HD) sys-
tem, which integrates angular head velocity (AHV) to
track orientation. Since integration accumulates drift,
visual landmarks provide corrective cues. However,
whether the HD system accounts for the apparent shifts
in proximal objects’ position when viewed from different
angles (parallax) remains unclear.

We analyzed postsubicular HD cell activity in mice nav-
igating with a single visual cue. We discovered system-
atic parallax bias in decoded HD, indicating the HD sys-
tem misinterprets the cue’s position depending on view-
ing angle. The observed error was smaller than predicted
by a pure vision model, which can be explained by com-
bining AHV integration with simple visual anchoring.

Notably, each animal exhibited a unique anchoring an-
gle — the direction at which the cue was associated with
HD — suggesting the HD system maintains a possibly
learned and stable mapping between cue angle from vi-
sual input (bearing) and HD. These results show that the
HD system, at least in simplified environments, does not
perform explicit parallax correction but may attenuate er-
rors passively through AHV integration and simple an-
choring to multiple cues. This highlights a fundamen-
tal trade-off in neural coding between computational ef-
ficiency and positional accuracy, with implications for bi-
ological and artificial navigation systems.

Introduction

Head-direction (HD) cells, discovered in postsubiculum (Rank,
1984), thalamus (Taube, Muller, & Ranck, 1990a), and other
areas, encode the animal’s orientation in allocentric coordi-
nates, serving as an internal neural compass. These cells
integrate angular head velocity (AHV) from vestibular, propri-
oceptive, and optic flow signals through a continuous attrac-
tor ring network (Skaggs, Knierim, Kudrimoti, & McNaughton,
1994; Zhang, 1996), but require recalibration through visual
landmarks to prevent drift accumulation (McNaughton, Chen,
& Markus, 1991; McNaughton, Battaglia, Jensen, Moser, &
Moser, 2006).

Visual landmarks anchor the HD system to stable refer-
ence points (Taube, Muller, & Ranck, 1990b; Goodridge, Dud-

chenko, Worboys, Golob, & Taube, 1998). However, whether
the HD system performs simple egocentric anchoring based
on retinal cue location or complex computations involving
position-dependent parallax error correction remains unclear.
As systematic parallax-induced errors in HD cells have not
been shown in neural data so far, current models of the HD
system use position-based correction mechanisms instead
of relying on simple cue anchoring to map from egocentric
viewing angles to allocentric orientation (Bicanski & Burgess,
2016).

Here, we provide, to our knowledge, the first systematic
experimental evidence of parallax effects in the HD system.
The existence of parallax effects indicates that the HD sys-
tem might not rely on position-dependent corrections but uses
AHV integration and multiple cues instead to attenuate paral-
lax errors. Weighting the cues’ influence based on their dis-
tance might be an additional strategy to avoid parallax errors
(Zugaro, Berthoz, & Wiener, 2001; Knierim & Hamilton, 2011).

Methods and Results
Experimental Data and HD Decoding

We analyzed publicly available neural recordings from the
postsubiculum of six mice (Duszkiewicz et al., 2024). Mice
explored a 30 cm diameter circular platform within a dark 90 x
90 cm square arena. A single LED cue was positioned at one
of the walls. In addition to the neural recordings, the dataset
provided the tracked HD and position of the animals. Using
Bayesian decoding, we obtained the estimated HD based on
the recorded HD neurons’ spiking activity.

Parallax Error Estimation

To estimate the expected parallax effect, we computed the HD
estimate assuming simple egocentric visual cue anchoring:

Ois (f) = Yanchor + Pcue (£), (1)

where Yanchor IS the anchoring angle and ¢, is the egocentric
viewing angle. As visualized in Fig. 1A-C, the fixed anchoring
angle results in a position-dependent decoding error Byis:

Buis (t) = Yanchor — Ocue (t); 2

where 6. is the allocentric angle of the vector from the an-
imal to the cue (see Fig. 1 A,B). To investigate a possible
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Figure 1: Position-dependent parallax error in HD estimation. (A) Experimental setup with an animal navigating a circular
platform and a single visual cue. (B) Parallax effect: lateral movement while maintaining HD changes the egocentric angle,
introducing bias B. (C) Spatial distribution of parallax-induced error across the arena. (D) Example data showing true vs.
decoded HD and resulting error Bgec. (E) Parallax error as a function of lateral displacement for different distances from the cue,
showing a linear relationship with the cue angle 6.e. (F) Quantification of parallax-induced error across recording sessions.
Each panel shows the relationship between allocentric cue angle 6.y and observed angular error Bgec. Consistent nonzero

slopes confirm parallax effect in HD cells.

parallax effect in the recorded data, we computed the decod-
ing error Bgec between the decoded and camera-tracked HD.
We then performed a linear regression to test for systematic
parallax errors:

Baec(t) = w - Bcue +b+£(1). 3)
Pure visual anchoring would predict slope w = —1.

Key Findings

The analysis revealed systematic parallax errors in all record-
ings (Fig. 1F). Five of the six mice showed statistically signifi-
cant slopes (p << 0.001), confirming a parallax effect. How-
ever, slope magnitudes were consistently lower than 1, indi-
cating smaller errors than predicted by pure visual anchoring.

Interestingly, each animal exhibited a distinct anchoring an-
gle to the cue, which can be calculated from the parallax as
Yanchor = —b/w (see Fig. 1 F), suggesting individual learned
mappings between retrosplenial bearing cells and postsubicu-
lar HD cells. These anchoring angles remained stable across
cue switches and over time, indicating persistent associations.

Integration Model

To explain the reduced parallax magnitude, we implemented
a model combining AHV integration with visual anchoring:

(xiv(t):G'OCint(f)‘F(l_G)'O‘vis(t)'vcue(t) (4)

where ¢ weights integration vs. vision, and v, indicates cue
visibility. This model successfully reproduced the reduced par-
allax slopes observed in neural data, demonstrating that AHV
integration passively attenuates parallax errors by averaging
across different positions.

Discussion and Future Directions

This study provides the first systematic documentation of par-
allax errors in mammalian HD cells. The findings indicate
that the HD system relies primarily on egocentric cue anchor-
ing rather than complex position-dependent corrections. The
observed error attenuation through AHV integration suggests
that such corrections may not be necessary, particularly when
multiple cues are available to average the amount of paral-
lax error. This represents a computationally efficient strategy
where the HD system maintains robust orientation estimates
without requiring complex spatial calculations.

The unique anchoring angles per animal suggest learned
associations between visual cues and HD, possibly reflect-
ing stable mappings between cue-specific retrosplenial bear-
ing cells and postsubicular HD cells. Future research should
investigate whether these mappings are feature-based or
experience-dependent.

While parallax errors appeared consistent across sessions,
validation on additional datasets and environments is needed.
The relatively low explained variance suggests other factors
influence HD decoding beyond parallax, including decoding
limitations and uncontrolled environmental cues. Additionally,
future studies in larger environments with multiple cues could
give insights into how the HD system integrates multiple cues
to reduce the amount of parallax further.

Our findings have implications beyond neuroscience, in-
forming the development of bio-inspired navigation systems
(Krausse, Neftci, Sommer, & Renner, 2025a) where computa-
tional efficiency is crucial. The trade-off between accuracy
and simplicity demonstrated here may guide the design of
neuromorphic robotics applications requiring robust HD esti-
mation. For more details, see our preprint (Krausse, Neftci,
Sommer, & Renner, 2025b).



Acknowledgements

For this work, the data from Duszkiewicz et al. (2024) was
used, and we thank the authors for making this data available.
The data can be found here: 10.6084/m9.figshare.24921252).
We especially thank Adrian Duszkiewicz for answering our
questions regarding the dataset, and Johannes Leugering and
Paxon Frady for their feedback. OpenAl ChatGPT was used
carefully to optimize and document code and to support writ-
ing. This research is funded by VolkswagenStiftung [CLAM
9C854].

References

Bicanski, A., & Burgess, N. (2016). Environmental anchoring
of head direction in a computational model of retrosplenial
cortex. Journal of Neuroscience, 36(46), 11601-11618.

Duszkiewicz, A. J., Orhan, P., Skromne Carrasco, S., Brown,
E. H., Owczarek, E., Vite, G. R., ... Peyrache, A. (2024,
April). Local origin of excitatory—inhibitory tuning equiva-
lence in a cortical network. Nature Neuroscience, 27(4),
782-792. doi: 10.1038/s41593-024-01588-5

Goodridge, J. P., Dudchenko, P. A., Worboys, K. A., Golob,
E. J., & Taube, J. S. (1998). Cue control and head direction
cells. Behavioral neuroscience, 112(4), 749.

Knierim, J. J., & Hamilton, D. A. (2011). Framing spatial cog-
nition: neural representations of proximal and distal frames
of reference and their roles in navigation. Physiological re-
views, 91(4), 1245-1279.

Krausse, S., Neftci, E., Sommer, F. T., & Renner, A. (2025a).
A grid-cell-inspired structured vector algebra for cognitive
maps. In leee xplore neuro-inspired computational ele-
ments (nice) conference.

Krausse, S., Neftci, E., Sommer, F. T., & Renner, A. (2025b).
Head-direction cells in postsubiculum show systematic par-
allax errors during visual anchoring. bioRxiv, 2025-04.

McNaughton, B. L., Battaglia, F. P, Jensen, O., Moser, E. I,
& Moser, M.-B. (2006, August). Path integration and the
neural basis of the 'cognitive map’. Nature Reviews Neuro-
science, 7(8), 663—678. doi: 10.1038/nrn1932

McNaughton, B. L., Chen, L., & Markus, E. (1991). “dead
reckoning,” landmark learning, and the sense of direction: a
neurophysiological and computational hypothesis. Journal
of Cognitive Neuroscience, 3(2), 190-202.

Rank, J. (1984). Head-direction cells in the deep layers of
dorsal presubiculum of freely moving rats. In Soc. neuro-
science abstr. (Vol. 10, p. 599).

Skaggs, W., Knierim, J., Kudrimoti, H., & McNaughton, B.
(1994). A model of the neural basis of the rat’'s sense of
direction. Advances in neural information processing sys-
tems, 7.

Taube, J. S., Muller, R. U., & Ranck, J. B. (1990a, Febru-
ary). Head-direction cells recorded from the postsubicu-
lum in freely moving rats. |. Description and quantitative
analysis. The Journal of Neuroscience: The Official Jour-
nal of the Society for Neuroscience, 10(2), 420—435. doi:
10.1523/JNEUROSCI.10-02-00420.1990

Taube, J. S., Muller, R. U., & Ranck, J. B. (1990b). Head-
direction cells recorded from the postsubiculum in freely
moving rats. ii. effects of environmental manipulations. Jour-
nal of Neuroscience, 10(2), 436—447.

Zhang, K. (1996). Representation of spatial orientation by
the intrinsic dynamics of the head-direction cell ensemble:
a theory. Journal of Neuroscience, 16(6), 2112-2126.

Zugaro, M. B., Berthoz, A., & Wiener, S. I. (2001, July).
Background, But Not Foreground, Spatial Cues Are Taken
as References for Head Direction Responses by Rat An-
terodorsal Thalamus Neurons. The Journal of Neuro-
science, 21(14), RC154-RC154. doi: 10.1523/JNEUROSCI
.21-14-j0001.2001


https://doi.org/10.6084/m9.figshare.24921252

