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The encoding of locations in world coordinates is often called
spatiotopy; it captures how we experience the layout of things
around us. The visual system, on the other hand, appears to
rely on retinotopic representations. Here we review earlier
suggestions that replace spatiotopic maps with the tracking or
remapping of a small number of attended targets to keep their
positions updated on retinotopic maps, combined with sup-
pression of motion responses to the shift of the retinal image.
Importantly, we propose that each attended target’s identity is
connected to the locations of its features in early visual cortex
through a steerable autoencoder network that shifts the
feature activity to the target’s new location with each saccade,
explaining the many reports of trans-saccadic integration. This
autoencoder process is part of the overall architecture of the
visual system, acting to link target properties together, even as
the target or the eyes move.
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Introduction

The world around us is reassuringly stable, aside from
instances of earthquakes and rocking boats at sea.
Things are mostly seen to remain where they are as we
move around, avoiding obstacles and finding our way.

The encoding of locations in world coordinates is often
called spatiotopy and it captures how we experience the
layout of things around us. However, the brain codes the
representation of locations primarily in retinotopic
coordinates—based on the locations of objects on the
retina—and on corresponding retinotopic  maps
throughout most of the visual system. With every change
in the direction of gaze due to an eye movement (a
saccade) and/or head movement, the image on the
retina shifts and the objects of interest are all at new
locations. Helmholtz [1], among others, proposed that a
reverse copy of the eye movement commands (an
efference copy) could compensate for this shift and
create a stable, spatiotopic representation. However, the
search for that spatiotopic map has not met with much
success. If not spatiotopic maps, then what? Spatiotopic
maps offer two critical benefits. The first is the sense of
stability. Because nothing moves on the spatiotopic map
when the eyes move, there would be no sense of motion
to ruin the appearance of stability. The second benefit is
trans-saccadic integration. An object’s representation
would remain at the same location on a spatiotopic map
so that the processing of its identity and properties
could continue across saccades without having to start
again from zero.

Here we review proposals for how these two critical
properties are achieved in the absence of a spatiotopic
map. The most successful proposal is one of partial
compensation based on remapping [2, and reviews
3—5], where the retinotopic locations of a few atten-
ded objects are updated or “remapped” with each
saccade on a retinotopic map while ignoring other scene
elements. We will describe how this tracking of a few
targets, combined with trans-saccadic integration and
motion suppression, anchors our stable visual experi-
ence as the eyes move. We then focus on the central
puzzle underlying the tracking of targets: how does the
visual system connect the features of a target to its
identity and how is this location-to-identity link upda-
ted with each eye movement? To do so, we introduce
recent work on autoencoders (a type of deep neural net)
already proposed to underlie object-based attention
[6,7] and we review new approaches that predict future
target positions (e. g., PredNet, [8,9]) that are currently
of great interest in many areas including the develop-
ment of autonomous vehicles (e.g., Ref. [10]).
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Maps

Surveys of spatial maps in visual areas of the brain have
reported many topologically organized maps but all of
them seem to be in the retinal coordinates (e.g., Ref.
[11]; Figure 1). In 2007, (Ref. [12]) d’Avossa et al. re-
ported that the medial temporal visual area (MT) coded
locations on a spatiotopic map but these results have
been challenged [13]. There has been evidence for
spatiotopic representations for attended stimuli in
several visual areas [14] (although see Ref. [11]) but
only after some delay [15]. Because of the delay in
updating this spatiotopic map, it cannot explain the
experience of visual stability at the moment the eyes
move—that requires a faster, predictive system like
remapping [16]. If not spatiotopy, why would retinotopy,
an awkward choice, be so widespread? First, retinotopic
maps provide a common format across many visual areas
and, combined with inter-area projections that respect
this organization, they support a built-in processing
pipeline where cross-module binding comes for free,
based on co-localization. For example, the activity for an
object of interest on a retinotopic saccade map projects
to that object’s features at the appropriate locations in
retinotopic early visual cortex, and vice versa (e.g., Ref.
[17]). Second, these retinotopic locations are, in prac-
tice, world locations. For example, microstimulation of a
location on a retinotopic saccade map brings the corre-
sponding location in the world onto the fovea (e.g., Refs.
[18,19]). This demonstrates that the activity on a reti-

Figure 1

notopic map always “points to” a location in the world.
All that is missing is something to keep track of a target’s
representation on the retinotopic map with changes in
the direction of gaze, and somehow to link that activity
to the target’s identity that is held in basically non-
retinotopic object areas [20,21].

Spatial representations may also rely on distributed
coding approaches that have no explicit maps. For
example, gain fields combine eye position information
with the retinotopically organized responses of cortical
units. These gain fields have been reported in parietal
areas, V1, and other early visual areas [22—24]. The
information about eye position could allow the effects of
direction of gaze to be discounted to stabilize a repre-
sentation of the visual field. Or possibly, simply by virtue
of the presence of the gaze direction signal, the location
of targets is represented in a distributed fashion without
further decoding [25]. This distributed coding will be
important in our last section when we consider the ex-
amples from deep neural nets, in partic-
ular, autoencoders.

Remapping

In the remapping proposal [2]; reviews, [3—5], only the
locations of a few items are tracked with each eye
movement, creating a manageable computational load.
The evidence for this tracking, or remapping, was first
reported by Duhamel, Colby and Goldberg [2]. Specif-
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Maps in the visual system. There are many maps of the visual field across the visual system. The left panel shows a classification of local regions as
retinotopic or spatiotopic during an eye movement task with attention to a bar target or the moving fixation point. Although there are hints of spatio-
topically organized subregions, the analysis of individual visual areas (rightmost panel) shows only retinotopic organization (from Ref. [11]).
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Remapping. Left. While a person is fixating on the lighthouse, they are also planning to shift their gaze to the flock of birds to the right. Just before this
saccade, the beacon in the lighthouse flashes, triggering activity in a group of receptive fields GRF1 that cover that region of the retina, and drawing
attention to that location. In preparation for the eye movement, the attention and feature activity from GRF1 are transferred to the group of receptive
fields GRF2 to the left of the lighthouse where the beacon will fall after the saccade. Recent work (K&mmers et al., 2024; [31]) claims that the feature
transfer happens principally for the saccade target (the birds here) while only attention is remapped for peripheral attended targets (the flash). Right.
After the saccade, the preactivated units of GRF2 now align with the lighthouse beacon, providing a head start for the continued processing of its

properties. The units of GRF1 are now centered over a different region and there is some evidence that there is a brief benefit from this retinotopic trace

[32]. Images adapted from Ref. [33].

ically, just before a saccade, cells in the parietal and
frontal areas (Figure 2) start responding to a stimulus far
outside their receptive field if its location will fall in
their receptive field after the eye movement. This
suggests that some process is predicting the target’s
future location and somehow transferring its activity to
that location from the cells that are currently responding
to the target. This anomalous response is present only
briefly before the saccade and, indeed, cells return to
responding to their classical receptive fields once the
saccade has landed. This momentary shift in response
provides a remarkable glimpse into the inner workings of
a tracking process that updates target locations. This
finding has been contested [26] but appears to hold up
for activity before and at the time of the saccade [27].
This updating applies not only to targets of eye move-
ments but also to other attended stimuli in the visual
field, although there is evidence that the saccade target
itself is special and acts as the basic landmark for loca-
tions after the saccade [28]. Remapping and updating
does not happen for unattended targets [29]. Instead,
recordings in the lateral intraparietal area [30] suggests
that attentional suppression of unattended targets is
repositioned over their upcoming locations.

Next, we describe how this remapping process captures
the two essential properties that simulate spatiotopy:
suppression of motion responses and  trans-
saccadic integration.

Suppressing motion

Every change in gaze direction creates a massive shift of
the visual field that would be expected to drive strong
motion responses but does not. There are two parts to this
motion silencing. First, much of the motion responses to
the shift of scene elements should be signaled by the low-
level motion system, based on direction-sensitive re-
sponses of units principally in areas V1 through V3A and
MT [34]. Conveniently, these reflexive responses are
suppressed (e.g., Refs. [35,36]) principally by masking
from the onset and offset transients of the saccade [37,38].
Second, in contrast to the reflexive responses of low-level
motion, the high-level motion system actively tracks tar-
gets with attention and generates an impression of motion
when they move [39]. These high-level motion percepts
can also be seen across saccades [40,41] as long as the
displacement is large enough [42]. During a saccade, the
expected location of an attended target is updated based
on the retinal displacement that should be produced by
the upcoming eye movement (e.g., Ref. [4]). If the target
is then at or near its expected location after the eye
movement (within an elliptical region equivalent to
typical uncertainty of saccadic landing, [43]), no
displacement of attention is detected, and consequently
no motion is seen.

Finally, the shift of attention from the target’s current
location to its future location (driven by efference copy),
is fully explained by the eye movement and so does not
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Trans-saccadic feature remapping. Fracasso et al. [40] reported a compelling example of transfer of a target’s feature, specifically orientation, during
remapping. (a) Observers were presented with an obliquely oriented bar to the right of fixation and then they saccaded across the bar to the new fixation
further to the right. The original bar disappeared just prior to the saccade onset. Once the saccade landed at the new fixation, two new bars were
presented: one in the same spatial position as the original bar on the screen, rotated counterclockwise from it (in this example), and the other in the same
retinal position with respect to fixation but rotated clockwise. Participants reported the direction of rotation of the bar. (b) Just before the saccade,
remapping will move attention and possibly the feature (orientation) to the left of the fixation so their activity will line up with the same spatial location
after the saccade. Blue indicates pre-saccdic items and red indicates post-saccadic items. () If the target is remapped with its feature (top panel), then
the perceived rotation will be counterclockwise. If only attention is remapped, without orientation information (middle panel), rotation reports will be
random. If the perceived motion is set by activity in receptive fields at the original retinal location, to the right of fixation, it will be clockwise. Observers
consistently reported rotation of the bar according to the remapped, spatiotopic matching indicating that the orientation feature was remapped. Adapted

from Ref. [40].

itself translate to any impression of motion in the world.
As a result, nothing seems to have moved—no motion, no
problem as Stalin might have said.

Trans-saccadic integration

A central rationale for spatiotopy was to support the
continuity of processing across a saccade, so that the
target information accumulated before an eye move-
ment could be linked to information accumulating after
the eye movement. If this were not the case, the target’s
analysis would have to start again from zero after each
saccade. Here we review the evidence that an attended
target’s information is integrated across the saccade,
linking information from the current and future target
locations, beginning just before the saccade.

Attention is remapped so that attention allocated to a
target is passed on to its future location, even before the
saccade [44,33]. A similar transfer of attentional benefits
to the cued location is seen after the saccade (review,

[45]; although see [46] and [32]; for evidence of reti-
notopic allocation in some conditions).

It has been proposed that this remapping of attention
carries no feature information [3] but this claim has not
held up as many studies have now shown transfer of
feature information to the remapped location (Figure 3).
For example, Kroell & Rolfs [31] showed pre-saccadic
visual enhancement at the fovea for the orientation of
the saccade target that was about to arrive at the fovea.
Pre-saccadic effects are also seen at the remapped
location for masking [47,48].

Other studies have shown that features presented
before the saccade can influence the processing of fea-
tures presented after the saccade. Examples include
preview congruency effects (e.g., Refs. [49—51] and the
spatial congruency bias (e.g., [52]). Trans-saccadic
feature integration is also seen for visual features such
as shape, color, and orientation of attended targets

Current Opinion in Neurobiology 2026, 99:103221

www.sciencedirect.com



Figure 4

Remapping using autoencoders Cavanagh and Melcher 5

Early visual areas

Input images

Upcoming

change Static

Reconstructed images: Match upcoming input with
predicted changes

Target motion Left saccade

Latent code

containing l ObJeCt
compressed areas

representation

Current Opinion in Neurobiology

Steerable autoencoder. An autoencoder takes an input pattern, here from early retinotopic cortex, passes it through several layers of encoding to
generate a high-level, low-dimensional representation that we take to be the object areas of visual cortex. This then returns through decoding layers to
produce an output pattern and the network’s connections are adjusted until this output matches the input, a form of unsupervised learning. Versions of
autoencoders and related architectures (e.g., Ref. [8]) use motion within the image to predict the subsequent images where an object in motion will be
suitably displaced, represented here for the dog in motion. A steerable autoencoder would use distributed information about eye position or the up-
coming saccade vector to predict object locations in the post-saccadic image, although only for the attended itemsand not the entire scene as depicted

here. Adapted from Ref. [66].

(review, [53]). The integration follows the same
maximum-likelihood principles as multisensory inte-
gration (review [54] as long as the pre- and post-saccadic
information arecommensurate [55].

Further support for trans-saccadic integration has come
from functional magnetic resonance imaging (fMRI)
studies [56—58]. Importantly, feature information about
the saccade target can be found at the fovea—the future
location of the target—in the fMRI activation pattern [59]
or with decoding techniques [60]. Electroencephalo-
graphic (EEG) and magnetoencephalographic (MEG)
studies have also supported remapping of activity and the
transfer of feature information [49,61,62].

Across all these studies, the evidence for trans-saccadic
feature transfer is stronger for the saccade target than
for other targets present when the saccade is made [31].
The evidence for trans-saccadic integration supports the
remapping scheme where some updating processes link
the pre-saccadic and post-saccadic locations of a few
attended items, perhaps preferentially for the saccade
target itself. These results and others showing spatio-
topic effects suggest that there is a rapid, predictive,
feature-specific mechanism such as remapping that
simulates properties of spatiotopy for a few attended
items [16]. However, labeling the process as

“remapping” does not yet explain how it happens, how
the target’s features are linked to its identity and then
transferred to the new location.

Autoencoders

Autoencoders [63,64] are a type of recurrent, deep
neural net architecture with the ability to activate fea-
tures at predicted locations, a property that we will
exploit to suggest a mechanism for remapping (Figure
4). This has been used as a model of object-based
attention [6,7,65] for predicting the next image in a
sequence based on image motion [8,9]; and here we
claim, for activating the features of a target at its
remapped location at the time of a saccade.

A target’s details—its identity, its features, and its
location—are scattered across separate cortical areas and
the puzzle of how they might be linked together—as an
“object file” [67]—has a long history. A brief review of
how this problem has been addressed for object-based
attention will lay the groundwork for the proposed
application of autoencoders to remapping. A partial
linking of an object’s properties is already achieved
through the common format shared across retinotopic
areas. The reciprocal and collimated connections be-
tween these areas links an object’s activity on location-
based priority or gain map [6] to the object’s features

www.sciencedirect.com
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in early cortices. However, the link to the identity of the
object is much less straightforward: How does an ob-
ject’s activity in areas like the lateral occipital complex
(LOC), fusiform face area (FFA), and parahippocampal
place area (PPA) project to that object’s features in early
cortex to boost the object’s processing? Object areas and
other ventral areas have at best only a rudimentary
retinotopic format [20,21] and cells in these areas
typically have very large receptive fields. It is difficult to
see how these object-specific units could project activity
to the precise location of the object’s features in early
visual cortex. Nevertheless, precise feedback to early
areas is exactly what object-based attention does [6]. A
solution based on autoencoders has been proposed
[6,7,65] and a straightforward extension provides a so-
lution for remapping: updating the link between an
object’s feature locations and its identity with each
saccade. This proposal starts with the observation that
even though individual units in object areas have very
poor location information, position information can be
decoded from their population responses in these areas
(e.g., Ref. [68]).

The properties of autoencoder networks [64,66,69]
provide the long-sought-after link between high-level
identity and low-level location and feature information
necessary to support object-based attention. In a neural
implementation, we assume that the low-dimensional,
latent values are the high-level, object representations
of the ventral stream. Furthermore, to be comparable
and high-dimensional, both input and output layers
must both be in the same early visual areas of cortex.
This generates a closed loop from early retinotopic areas
up to object areas and then back to early retinotopic
areas and embodies the basic property of object-based
attention to enhance early processing of the attended
object’s features [6]. This architecture provides a
compelling instance of linking a target’s abstract iden-
tity to its early features and their locations using the
diffusely distributed location information that is
retained at the top, abstract object level. Can this
autoencoder approach work to link identity and updated
locations across saccades?

A partial step in that direction is the recent work on
predictive autoencoders that has followed on the orig-
inal demonstrations of PredNet [8]. These networks
deal with video input and their goal is to match the
output not the current input but the input in the next or
subsequent frames. They manage very well, taking into
account the motion information of each element in the
scene to match its position in future frames. These
networks have been adapted to many applications
including autonomous vehicle control [10].

We propose that similar networks could base their pre-
dictions not on the motion of targets in the scene as in
PredNet [8] but on distributed population information

about gaze direction from gain fields (e.g., Ref. [24]) or
efference copy gain fields (for saccade vectors rather
than eye position) in object areas. This would enable
predictions of where each attended target will be after a
saccade and downward projections to that location
would then activate the target’s features there in
advance. This “steerable” autoencoder would have
continuous training to form these links based on the
hundreds of thousands of saccades executed every day.
The remapping function proposed here is not a separate
system, it is a part of object-based attention that tracks
targets and predicts their location as the target or the
eyes move. We suggest that it is this neural architecture
that activates the attended target’s features at its post-
saccadic location and that it is part of the overall archi-
tecture that links target identity with its low-level fea-
tures, even as the target or the eyes move.

The proposal relies on distributed representations of
gaze direction or upcoming saccade vectors in the object
areas of cortex. There is no evidence for these, as vet,
and to our knowledge, no studies have addressed the
possibility. The gaze direction gain fields in parietal
areas respond too slowly to make a contribution to visual
continuity and visual stability [70]. The gaze direction
gain fields in V1 [23] are in step with the eye move-
ments but little or no remapping has been reported for
units in V1 [71] or MT either (e.g., Ref. [72]. In
contrast, pre-saccadic remapping is widespread in V2
[73]. An alternative would be that intrasaccadic motion
[74], like the object motion used by PredNet [8], could
support predictions of where the target would land.
However, these predictions would only become available
after the saccade.

Summary

We have followed on the earlier suggestions that in the
absence of spatiotopic maps that can contribute effec-
tively to visual stability at the time of each saccade, a
remapping process fills in by tracking a small number of
attended targets and updating their positions on reti-
notopic maps (e.g., Refs. [4,5]). This achieves a simu-
lation of spatiotopy because the target locations are
updated with each saccade, these target locations are
directly connected to world coordinates (as shown by
microstimulation in saccade areas), and motion re-
sponses to the shift of the retinal image are suppressed
and discounted. Here we also propose that each atten-
ded target’s identity is connected to the locations of its
features in early visual cortex through a steerable
autoencoder network that shifts the feature activity to
the target’s new location with each saccade. Unlike
spatial attention (e.g., Ref. [17]), there is no salience
map here, retinotopic or otherwise, the tracking of
attended objects is instead based on the distributed
coding of locations and gaze in a large scale, recur-
rent network.

Current Opinion in Neurobiology 2026, 99:103221
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Our proposal of steerable autoencoders to achieve the
remapping step is highly speculative and we make it to
provide a new option for understanding remapping and
visual stability. It comes with several open questions.
Will an autoencoder trained on a large image set
generate object representations at its highest level? The
studies by Refs. [7,69] suggest that it may as the higher-
order, low-dimensional representations in these studies
were specifically intended to be the set of familiar ob-
jects that the network can recognize. Are distributed
codes for gaze or saccade vectors present in the loop
between early visual areas and the object areas? As vet,
there is no evidence for or against this possibility. Lastly,
even if these codes are present, would they lead to ac-
curate predictions of remapped locations? The success
of the PredNet architecture based on motions within
the image suggests that these remapping predictions are
plausible within an autoencoder architecture although
accurate remapping may be limited to the saccade tar-
gets which always remap to the fovea.

We have proposed that remapping is what object-based
attention does when the eyes move, using a steerable
autoencoder architecture that links early visual cortex to
object areas and back. Of course, it is possible that
several different architectures might simulate spatio-
topic behavior and “solve” the problem of visual stability
for specific tasks; for example, object tracking for
autonomous vehicles. However, to directly explain
human performance, it will be necessary to constrain

Testable hypothesis
for future research

1. An autoencoder model should be able to reconstruct the atten-
ded targets at their new retinal location based on distributed eye
position information at the latent value level (object areas).

2. The autoencoder will reconstruct only the attended items and not
the entire input image.

3. The eye position information may be present as a gain field (or
saccade vector field) at any location in the encoding stream, not
necessarily at the highest, latent value (object area) level.

4. The proposed tight link between object-based attention and
remapping predicts that object-based attention effects persist
across eye movements.

5. Patients with lesions in object areas will have deficits in
feature remapping.

these alternatives with neural and psychophysical data
(e. g., Ref. [75]). One question, for example, could be
the degree to which visual features are integrated across
saccades and another could be the time course of posi-
tion updating relative to the saccade. A working version
of a steerable autoencoder could be tested for evidence

Remapping using autoencoders Cavanagh and Melcher 7

that the pre-activation of the target’s features may be
detectable just prior to the saccade.
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