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Summary 25 

Forward receptive-field (RF) remapping, a mechanism for transsaccadic updating 26 
of retinal positions and perceptual stability, transiently changes cells’ eccentricities and 27 
thus could also change their RF sizes, yet few studies examined RF sizes during 28 
remapping. A related issue is how the mechanism ensures the desired uniform updating 29 

across the visual space – a subtraction of the saccade vector from stimuli’s retinal 30 
positions wherever they appear – given highly nonuniform RF sizes and cortical 31 
magnification over eccentricities. We analyzed our recent circuit model for 32 
remapping/updating after incorporating eccentricity-dependent RF sizes and found that 33 
when the corollary-discharge-gated connections achieve uniform updating in the visual 34 

space, the model predicts no change to cells’ RF sizes despite their receiving inputs from 35 

other cells with different RF sizes. In contrast, if the updating were uniform in the 36 

cortical space but not visual space, cells’ RF sizes would change during remapping. We 37 
analyzed the data from the lateral intraparietal area and frontal eye fields and found that 38 
remapping magnitudes are similar for cells of different eccentricities. We then confirmed 39 
the prediction that RF sizes did not change significantly during remapping. These results 40 

reveal a circuit mechanism for uniform updating and perceptual stability across the entire 41 
visual field. 42 

 43 

Keywords: cortical vs visual space, exponential, backward updating, population 44 

activities, working memory, attractor dynamics.  45 
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Introduction 46 

Forward RF remapping, also known as predictive remapping, is the observation 47 
that around the time of a saccade, some cells’ RFs (perisaccadic RFs or pRFs) shift in the 48 
saccade direction, driven by the corollary discharge (CD) of the saccade command 1–6. 49 
Early studies showed that the lateral intraparietal area (LIP) and frontal eye fields (FEF) 50 

have cells that respond to stimuli in their future (postsaccadic) RF (fRF) locations, 51 
accompanied by reduced responses to stimuli in their current (presaccadic) RF (cRF) 52 
locations, even before the saccade onset. (A cell’s cRF and fRF are its classic, retinotopic 53 
RF on the screen well before and well after the saccade, respectively; they superimpose 54 
on the retina.) Recent work measured the spatiotemporal properties of remapping cells in 55 

detail and found that on average, these cells’ pRFs shift gradually from their cRF 56 

locations to near their fRF locations, from about 100 ms before the saccade onset to about 57 

100 ms after the saccade offset. Importantly, the stimuli (small dots) for measuring the 58 
pRFs were flashed before the saccade onset and there were no reafferent retinal inputs to 59 
the pRFs during or after the saccade 6. Thus, the entire remapping time course across 60 
saccades must be driven by CDs 3. In addition to CD-driven forward remapping, there is 61 

also attention-driven convergent or compressive remapping of RFs toward the initial 62 
fixation and saccade target 7,8,5,6,9. Since convergent remapping can occur without eye 63 

movements and since forward remapping is the dominant RF dynamics around the time 64 
of saccades 5,6, we focus on forward remapping in this paper. 65 

Forward remapping was recognized, at the time of its discovery, as a neural 66 

correlate of transsaccadic visual stability (TSVS), the phenomenon that the world appears 67 
continuous and stable despite saccade-induced changes of retinal images 1. The 68 

underlying computation, however, was unclear. Our recent measurements of the 69 
spatiotemporal properties of pRFs in LIP and FEF led to a specific circuit model that 70 

links forward remapping of RFs to transsaccadic updating of stimuli’s retinotopic 71 
positions for achieving TSVS 6,10. The model (Fig. 1, panels a and b) uses symmetric, 72 
center-excitation/surround-inhibition connections to store a relevant stimulus’ location as 73 

a population activity among cells tuned to different retinal locations. This memory 74 
activity bump is updated backward across each saccade as a wave by CD-gated 75 

directional connections. Gradual forward remapping of RFs is exactly equivalent to 76 
gradual backward updating of the corresponding population activities and the associated 77 
stimulus positions (under the assumption that decoders always consider cells’ activities as 78 

evidence for a stimulus in their classic RF locations) 6,10,11. The circuit effectively acts as 79 
an integrator of the backward motion of the activity bump, and the cumulative effect of 80 

the backward updating across the saccade is a subtraction of the saccade vector from a 81 
stimulus’ presaccadic retinotopic position to produce its correct postsaccadic retinotopic 82 

position. As such, the model fulfils the required computation that when the eye moves in 83 
one direction by a certain magnitude, the neural representation of the retinotopic position 84 
of a stimulus is updated in the opposite direction by the same magnitude 6,10. According 85 
to this model, transsaccadic perception is stable because the presaccadic retinal position 86 
of a stationary object in the world is updated to match the postsaccadic (reafferent) retinal 87 

position of the same object. 88 
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 89 

A key feature of the model is that across a saccade, a cell receives lateral inputs 90 
from other cells with different RF locations/eccentricities via the CD-gated connections 91 
among the cells. This raises the question of whether cells’ RFs transiently change sizes 92 
when they are remapped to different locations/eccentricities. Consider cells 1 and 3 with 93 

RF1 and RF3 during a rightward saccade (Fig. 1c). When cell 1 receives lateral inputs 94 
from cell 3 as the activity wave travels leftward, cell 1’s RF is remapped rightward to the 95 
location of RF3 (i.e., cell 1 appears to respond to stimuli in RF3). But RF3 has a greater 96 

 

Fig. 1. Our circuit model for RF remapping and population-activity updating across 

saccades. (a) Lateral connection strengths among model LIP/FEF cells as a function 

of the difference between the cells’ preferred retinotopic positions (RF centers). The 

positions can be expressed in either cortical space (mm, shown here) or visual space 

(deg). Symmetric, center-excitation/surround-inhibition connections (red) store a 

relevant stimulus’ position as a population activity bump, and directional 

connections (blue, shown here for rightward saccades) are gated by CDs to update 

the activity bump by shifting it against the saccade direction. (b) Schematic of the 

connections among cells whose RFs (open circles) are at different retinotopic 

locations. To avoid clutter, only the CD-gated connections among the nearest 

neighbors, and only the symmetric connections from the middle cell, are shown. 

During a rightward saccade (solid black arrow), the population activity bump (black 

curve, not drawn to the scale of the cell spacing) that represents a stimulus’ position 

is gradually shifted leftward (backward updating, dashed black arrow) by the CD-

gated connections. Equivalently, a given cell receives lateral inputs from the cells on 

its right and its RF appears to gradually shift rightward (forward remapping) over 

time. (c) Schematic of remapping/updating among three cells of different 

eccentricities/RF sizes in the visual space. The cross indicates the fovea 

representation.  
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eccentricity and thus larger size compared with RF1. Would cell 1’s RF appear larger 97 
when it is remapped to RF3 or would it maintain its original size of RF1? Although we 98 

raised this question before 11, to our knowledge, there has been no study addressing it. A 99 
previous study stated that forward remapping expands RFs of LIP cells 4. However, that 100 
study did not measure RF sizes and the statement was meant for the observation that 101 
during remapping, pRFs cover the midpoint between the cRFs and fRFs. More 102 
importantly, when a cell’s pRF shifts gradually from its cRF to fRF over time across a 103 

saccade 6, its size integrated over time can appear larger even if at any given time (or 104 
small interval of time) the size remains constant. Therefore, to address the question 105 
above, one must divide the remapping time course into small intervals, measure a cell’s 106 
RF size and eccentricity for each interval, and determine whether the RF size increases 107 
with the eccentricity.  108 

A closely related, open question concerns the spatial uniformity of 109 
remapping/updating across the visual field. When the eye rotates in one direction by a 110 

certain visual angle, the retinal representation of the whole scene moves in the opposite 111 
direction by the same angle. This implies that the presaccadic retinal position of a 112 

stimulus should be updated by subtracting the same saccade vector no matter where the 113 
stimulus is in the visual space. However, when a stimulus appears at very different 114 
eccentricities, it is processed by cells with very different RF sizes and by different cell 115 

numbers per deg of visual space (cortical magnification factor). How does a highly 116 
nonuniform neural representation of the visual space ensure uniform transsaccadic 117 

updating across the visual space? 118 

Our previous circuit model used the simplifying assumption that the cells 119 

represent the visual space uniformly (Fig. 1b). However, to address the above two 120 
questions, we must incorporate the fact that the RF size and cortical magnification factor 121 

changes drastically with eccentricity (Fig. 1c). In this study, we introduced eccentricity 122 
dependence into our model and mathematically analyzed the model behavior. We found 123 
that surprisingly, when the CD-gated connections are chosen to achieve uniform updating 124 

across the visual space (but not the cortical space), the model predicts no change to a 125 
cell’s RF size during remapping despite its receiving lateral inputs originated from other 126 
cells with different eccentricities/RF sizes. In contrast, if the updating is uniform across 127 

the cortical space (but not the visual space), a cell’s RF changes size according to the 128 
eccentricity of the remapped location at a given time. Between these two cases, the 129 
remapping is nonuniform in either space, and a cell’s RF size changes by various degrees 130 
during remapping. Finally, by analyzing our previous single-unit data from LIP and FEF, 131 

we showed that remapping magnitudes for cells with large and small eccentricities are 132 
not significantly different from each other, and confirmed the prediction that the RF size 133 
does not change significantly with the eccentricity during remapping. Our work thus 134 

suggests the first circuit mechanism for achieving uniform remapping/updating as 135 
required by transsaccadic perceptual stability across the entire visual space. 136 

Results 137 

A circuit model for uniform remapping/updating in the visual space 138 
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 For a given saccade, the forward remapping and backward updating are along the 139 
axis that contains the saccade direction. It is thus sufficient to model just one spatial 140 

dimension which we call horizontal; saccades along other axes can be treated similarly. 141 
The details of the circuit model can be found in Methods and Supplemental Information. 142 
To facilitate understanding, we use dual representations of the same circuit model: one in 143 
the cortical space (measured by distance x along the cortical surface) and the other in the 144 
visual space (measured by degree y of visual angles). It is known that for the primary 145 

visual cortex the mapping from x to y is approximately exponential 12. We assume a 146 
similar relationship for LIP/FEF: 147 

𝑦 = 𝐸(𝑥) = 𝑎(𝑒𝑘𝑥 − 1).           (1) 148 

Note that y = 0 when x = 0, and we can use 0 position to represent the fovea/fixation in 149 

both spaces. x and y also represent the eccentricity in these spaces. The parameters a >150 

0,  k > 0 are constant for a given cortical area. From Equation 1, we have: 151 

𝑥 =
1

𝑘
log(𝑦 + 𝑎),          (2) 152 

the logarithmic compression of the visual space to the cortical space, and the cortical 153 

magnification factor: 154 

𝑑𝑥

𝑑𝑦
=

1

𝑘(𝑦+𝑎)
          (3) 155 

that decrease with eccentricity y. Since cell density over the cortical space (dn/dx where n 156 

is the cell number) is uniform (constant over x) 13, Equation 3 implies that the cell density 157 

over the visual space (dn/dy) decreases with eccentricity y of the visual space: 158 

𝑑𝑛

𝑑𝑦
=

1

𝑘(𝑦+𝑎)

𝑑𝑛

𝑑𝑥
          (4) 159 

The size of a cell’s classic RF, measured in the visual space (e.g., on a display 160 
screen), is proportional to the eccentricity y of the cell’s RF (as we show in Fig. 8 with 161 

our LIP/FEF data): 162 

Δ𝑦 = 𝑏𝑦 + 𝑐          (5) 163 

where the parameters 𝑏 > 0,  𝑐 > 0 are also constant for a given cortical area, and 𝑐 is the 164 
RF size at fovea. Our circuit model shows the same relationship when the symmetric, 165 
center/surround connectivity is uniform over the cortical space. We show in 166 

Supplemental Information that at the stable state, a cell at x has an RF size of 2d, 167 
covering [x-d, x+d] in the cortical space, where d is determined by the attractor dynamics 168 
of the symmetric connections and independent of x. Using Equation 1, the corresponding 169 

RF size Δ𝑦 in the visual space at eccentricity y is: 170 

Δ𝑦 = 𝐸(𝑥 + 𝑑) − 𝐸(𝑥 − 𝑑) = 2(𝑦 + 𝑎) sinh(𝑘𝑑)          (6) 171 
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in agreement with Equation 5, with 𝑏 = 2 sinh(𝑘𝑑) and 𝑐 = 2𝑎 sinh(𝑘𝑑). Additionally, 172 

for two cells with eccentricities 𝑦1 and 𝑦2 that have abutting but non-overlapping RFs in 173 

the visual space, their separation in the cortical space is always 2𝑑 independent of the 174 

eccentricities (this separation is 2 mm in the primary visual cortex 13).  175 

The CD-gated, antisymmetric connectivity pattern is chosen to shift the 176 

population activity bump backward across saccades while maintaining the shape of the 177 

bump in the cortical space 6,10,14. This connectivity can be scaled by an amplitude (𝐽) 178 

which, after divided by the neuronal time constant τ, determines the remapping/updating 179 

speed in the cortical space 14 (see Methods): 180 

𝑣𝑥 = 𝐽/ τ          (7) 181 

(the remapping and updating speeds have equal magnitude but opposite signs 6,10,11).  In 182 

our previous simulations, 𝐽 depends on only the CD strength as a function of time, 𝐽 =183 

𝑔𝑐𝑑(𝑡), chosen to make the cumulative remapping/updating magnitude equal the saccade 184 
magnitude (for stimuli appeared well before the saccade 6,10). Since we now consider a 185 

nonlinear function between the cortical space and visual space (Equation 1), the same 186 

activity bump has different speeds in the two spaces, and we need to choose 𝐽 to achieve 187 

the desired uniform remapping/updating across the visual space y. By differentiating 188 
Equation 1 with respect to time, we obtain the relationship between the speeds in the two 189 

spaces: 190 

𝑣𝑦 = 𝑘𝑎𝑒𝑘𝑥𝑣𝑥 = 𝑘(𝑦 + 𝑎)𝑣𝑥          (8) 191 

where 𝑣𝑥 = 𝑑𝑥/𝑑𝑡 and 𝑣𝑦 = 𝑑𝑦/𝑑𝑡 are the speeds in the cortical and visual spaces, 192 

respectively.  193 

We first consider two special cases. (1) If we let 𝐽 = 𝑔𝑐𝑑(𝑡) as we did previously, 194 

then 𝑣𝑥 (Equation 7) is uniform across the cortical space (constant over x, not time), but 195 

𝑣𝑦 (Equation 8) increases with eccentricity y in the visual space. (2) If, instead, we let  196 

𝐽 = 𝑓(𝑥)𝑔𝑐𝑑(𝑡)          (9) 197 

where: 198 

𝑓(𝑥) = 𝑓(0)𝑒−𝑘𝑥 = 𝑓(0)𝑎/(𝑦 + 𝑎),          (10) 199 

then 𝑣𝑦 is uniform over the visual space (constant over y, not time), but 𝑣𝑥 decreases with 200 

x. Since the circuit is effectively an integrator of the remapping/updating speed to 201 
produce a total, accumulative shift across saccades, (non)uniform speed in a space 202 
implies (non)uniform remapping/updating magnitude in that space. Thus, cases 1 and 2 203 

specify the connectivity in the circuit model for realizing uniform remapping/updating in 204 
the cortical space and visual space, respectively. 205 

We next investigated, for the above two cases, how the model predicts RF-size 206 

change during remapping. Consider a cell at eccentricity 𝑦1 with RF size Δ𝑦1 that is 207 
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208 
remapped to eccentricity 𝑦2 with RF size Δ𝑦2 at a given time relative to the saccade 209 
onset. We found that in case 1, the model predicts: 210 

Δ𝑦2

Δ𝑦1
=

𝑦2+𝑎

𝑦1+𝑎
          (11) 211 

whereas in case 2, the prediction is:   212 

Δ𝑦2

Δ𝑦1
= 1.         (12) 213 

 

Fig. 2. Uniform updating/remapping in the cortical space but not visual space. 

Consider two cells, indexed 1 and 2, whose retinotopic locations are 𝑥1 and 𝑥2 in the 

cortical space, and 𝑦1 and 𝑦2 in the corresponding visual space (short vertical red 

ticks). Each curve in the figure represents the population activity bump evoked by a 

retinal stimulus at the arrow of the same color and style (the peak activity is aligned 

with the corresponding arrow). During a saccade, cell 1 receives lateral inputs from 

cell 2 via CD-gated connections, so the dashed curves also represent population 

activity bumps updated from the solid curves at a fixed time relative to the saccade 

onset. Whereas activity bumps in the cortical space maintain the same size and 

shape, they change with eccentricity in the visual space (see text). (a) Cortical space. 

Since the speed of updating/remapping is uniform in this space, at a given time, the 

spacings among the updated activity bumps (dashed curves) are identical to those 

among the original activity bumps (solid curves). (b) Visual space. The speed of 

updating/remapping is not uniform in this space, with the bump at smaller 

eccentricity (solid blue curve) moves slower than that at larger eccentricity (solid 

green curve). Consequently, the updated activity bumps (dashed curves) become 

closer to each other. 
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214 
That is, when the remapping/updating is uniform in the cortical space but not visual 215 
space, the cell’s RF size changes with the eccentricity during the remapping (Equation 216 
11), but surprisingly, when the remapping/updating is uniform in the visual space but not 217 

cortical space, the cell’s RF size does not change during the remapping (Equation 12) 218 
despite its receiving lateral inputs from other cells with different eccentricities/RF sizes.  219 

Fig. 2 demonstrates Equation 11. Consider cells 1 and 2 whose retinotopic 220 

locations are 𝑥1 and 𝑥2 in the cortical space, and 𝑦1 and 𝑦2 in the corresponding visual 221 
space (vertical red ticks in Fig. 2). Each curve in the figure represents the population 222 

activity bump evoked by a retinal stimulus at the arrow of the same color and style (the 223 
peak activity is aligned with the corresponding arrow). As explained below, the dashed 224 
curves can also represent activity bumps updated from the solid curves at a fixed time 225 
relative to the saccade onset. For each cell in either space, the stimuli at the pair of green 226 
and blue arrows evoke population activity bumps that just include the cell (red tick), so 227 

the region between the green and blue arrows is the cell’s RF size. During a rightward 228 

saccade, cell 1 receives lateral inputs originated from cell 2. Because 𝑣𝑥 does not depend 229 

on x, the population activity bumps evoked by stimulating any part of cell 2’s RF will 230 

 

Fig. 3. Uniform updating/remapping in the visual space but not cortical space. The 

format is identical to that of Fig. 2. (a) Cortical space. The speed of 

updating/remapping is not uniform in this space, with the activity bump at smaller 

eccentricity (solid blue curve) moves faster than that at larger eccentricity (solid 

green curve). Consequently, the updated activity bumps (dashed curves) become 

farther apart to each other. (b) Visual space. Since the speed of updating/remapping 

is uniform in this space, at a given time, the distances between the peaks (arrows) of 

the updated activity bumps (dashed curves) are identical to the corresponding 

distances between the original activity bumps (solid curves).  
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231 
travel toward cell 1 at the same speed in the cortical space. In particular, the solid green 232 
and blue bumps evoked by the solid green and blue arrows will shift to the dashed green 233 
and blue bumps (Fig. 2a) at the same time relative to the saccade onset. Thus, when cell 1 234 

receives maximal inputs from cell 2 so that cell 1’s RF is remapped to the location of cell 235 
2, cell 1’s RF size equals that of cell 2 in the cortical space. Since cell 2 has a greater 236 

eccentricity and thus a larger RF than cell 1 in the visual space (Fig. 2b), cell 1’s RF 237 

becomes the larger RF of cell 2. We conclude that when remapping/updating is uniform 238 
in the cortical space, a cell’s RF size in the visual space will change according to the 239 

eccentricity of its remapped RF location at a given time relative to the saccade onset 240 
(Equation 11). 241 

Figs. 3 and 4 provide an intuitive explanation of Equation 12 and the details can 242 
be found in Supplemental Information. In Fig. 3, the solid green and blue arrows around 243 
cell 2 are at the positions identical to those in Fig. 2; they evoke the solid blue and green 244 

activity bumps that just include cell 2 and thus indicate the right and left borders of cell 245 
2’s RF. However, the updating of the activity bumps are different from that in Fig. 2. 246 
Because the updating speed is now uniform in the visual space, at a given time relative to 247 
the saccade onset, the spacings between the three updated activity bumps (dashed curves 248 
in Fig. 3b) must equal the spacings of the original activity bumps (solid curves in Fig. 249 
3b). This means that at time T (relative to the saccade onset) when the dashed red curve 250 
shows maximal activation of cell 1, the dashed green and blue curves show no activity at 251 

 

Fig. 4. Uniform updating/remapping in the visual space but not cortical space. The 

format is identical to that of Figs. 2 and 3. The figure is identical to Fig. 3 except that 

here the dashed blue and green arrows indicate cell 1’s RF borders; that is, the 

population activity bumps (dashed blue and green curves) just include cell 1 at the 

red tick. The figure explains why RF sizes do not change during remapping/updating 

that is uniform in the visual space. 
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252 
cell 1. Thus, the solid green and blue arrows are outside cell 1’s remapped RF at time T. 253 
Fig. 4b shows that the solid green and blue arrows around cell 2 must cover a size equal 254 
to cell 1’s RF to activate cell 1 at time T (Equation 12). 255 

We finally consider the general case where: 256 

𝑓(𝑥) = 𝑓(0)𝑒−𝛼𝑘𝑥          (13) 257 

 

Fig. 5. Simulations of forward RF remapping and backward population-activity 

updating across a 20-deg rightward saccade with the circuit model. The top row 

shows case 1 in which remapping/updating is uniform in the cortical space but not 

visual space. The bottom row shows case 2 in which remapping/updating is uniform 

in the visual space but not cortical space. The foveal position in both spaces is 0. The 

left column (a, d) shows total remapping magnitude as a function of the mid-point 

position. The red and blue colors indicate results for the visual space and cortical 

space, respectively. The middle column (b, e) shows the heatmap of a cell’s pRF 

position in the visual space as a function of time relative to the saccade onset. The 

gray-shaded areas indicate the saccade duration. Stimuli for measuring the pRF is 

flashed 200 ms before the saccade onset. The right column (c, f) shows the heatmap 

of all cell’s population response, evoked by a flash at 20 deg in the visual space and 

200 ms before the saccade onset, as a function of time. During remapping, the pRF 

size changes with eccentricity in case 1 (panel b) but remains constant in case 2 

(panel e). In both cases, the population activity changes size with eccentricity (panels 

c and f).  

 

 

 

.CC-BY-NC-ND 4.0 International licenseavailable under a 
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted May 27, 2026. ; https://doi.org/10.64898/2026.05.25.727689doi: bioRxiv preprint 

https://doi.org/10.64898/2026.05.25.727689
http://creativecommons.org/licenses/by-nc-nd/4.0/


12 
 

where 0 ≤ α ≤1. Note that α = 0 and 1 correspond to the two special cases considered 258 

above, respectively; other values of α cover intermediate cases where the speed of 259 
remapping/updating is not uniform in either the cortical space or visual space. In 260 

Supplemental Information, we show that when a cell with RF eccentricity 𝑦1 is remapped 261 

to eccentricity 𝑦2, its RF size at that time changes from Δ𝑦1 to Δ𝑦2 according to 262 

Δ𝑦2

Δ𝑦1
≈ (

𝑦2+𝑎

𝑦1+𝑎
)

(1−α)

          (14) 263 

 264 

The approximate expression reduces to the exact results for the two special cases of α =265 

0 and 1 in Equations 11 and 12. 266 

We have simulated our circuit model to confirm the above analysis. Examples for 267 

the two special cases are shown in Fig. 5. When the speed of remapping/updating is 268 

uniform in the cortical space (Fig. 5a, blue) but not in the visual space (Fig. 5a, red), the 269 

RFs changes size during remapping according to eccentricity (Fig. 5b). By contrast, when 270 

the speed of remapping/updating is uniform in the visual space (Fig. 5d, red) but not in 271 

the cortical space (Fig. 5d, blue), the RFs do not 272 

change size during remapping (Fig. 5e). In both cases, 273 

the population activity bumps always change sizes 274 

during updating (Fig. 5, c and f). The figure also 275 

illustrates that tuning curves (RFs are spatial tuning 276 

curves) and the corresponding population activities 277 

generally do not have the same shape 11,15–18.  278 

Analyses of LIP and FEF single-unit data 279 

To test the theory above, we re-analyzed our 280 
previously published single-unit data from LIP and 281 

FEF 6,10 to check whether or not the remapping is 282 
uniform over the visual space, and whether or not the 283 
RFs change sizes during remapping. For the cells in 284 

each area that passed the screening procedure 6,10 285 
(Methods), we divided them into the small- and large-286 

eccentricity groups according the medium eccentricity 287 
of the cells. Since the remapping magnitude 288 
accumulates across a saccade and ends about 100 ms 289 
after the saccade offset, or 150 ms after the saccade 290 
onset, we measured the final remapping magnitude of 291 

each cell in the time window [100, 150] ms after the 292 
saccade onset and normalize it by the saccade 293 
amplitude used for recording the cell (so that we can 294 
pool cells recorded with different saccade amplitudes). 295 
The results are shown in Fig. 6. The left panels show 296 

 

Fig. 6. Spatially uniform 

remapping in LIP and FEF. 

The left panels show that the 

small- and large-eccentricity 

groups of cells have 

significantly different mean 

eccentricities. The right 

panels show that the two 

groups have similar pRF 

remapping magnitudes. 
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that the means and standard errors of the 297 
eccentricities of the two groups of cells; their means 298 

are significantly different as expected (two-sided 299 
Wilcoxon rank-sum test; p = 9.7x10-10 for FEF; p = 300 
1.4x10-8 for LIP). The right panels show that their 301 
remapping magnitudes are similar and not 302 
significantly different (p = 0.86 for FEF; p = 0.81 for 303 

LIP). This provides the first evidence for the desired 304 
uniform remapping/updating over the visual space in 305 
LIP and FEF. 306 

With the evidence for spatially uniform 307 

remapping in Fig. 6, our analysis and simulations 308 
predict that when a given cell’s RF shifts to different 309 
eccentricities during remapping, its size does not 310 

change with the eccentricity. We tested this 311 
prediction. We first divided a cell’s responses into 312 

four non-overlapping 50-ms time bins centered at -25 313 
ms, 25 ms, 75 ms, and 125 ms relative to the saccade 314 
onset. For each cell and time bin, we determined the 315 

pRF size and eccentricity (Methods). Finally, we plot 316 
the pRF size change as a function of the eccentricity 317 

change. The changes are relative to the corresponding 318 
cRF size and eccentricity (during fixation without 319 
remapping). It is important to focus on these changes 320 

which shows whether the same cell changes its RF 321 

size when its eccentricity changes during remapping. 322 
Otherwise, the plot would be confounded by the well-323 
known dependence of RF size on eccentricity among 324 

different cells. Fig. 7 shows the results for FEF and 325 
LIP. During the remapping, the RF-size change does 326 

not vary significantly with the RF-eccentricity change 327 

in each area (linear mixed model, slopes and p values 328 
in the figure), consistent with our prediction. To 329 
demonstrate the robustness of the results, in 330 
Supplemental Information, we show results similar to 331 
Figs. 6 and 7 when we changed the parameter for 332 

defining RF borders (contour criterion; Methods) 333 
from 0.6 to 0.7. 334 

A potential problem with the data analysis in 335 
Fig. 7 is that because we had to divide the responses of small numbers of cells into time 336 
bins of 50 ms, there may not be enough spikes in each bin to show a reliable dependence 337 
of pRF size on eccentricity during remapping. To control for this possibility, we analyzed 338 
the cRF data from the initial fixation period (without remapping) and used the same 50-339 
ms bin size for counting spikes. We found that the cRF-size as a function of eccentricity 340 
among different cells is still significant over each of the 50-ms bins even when we 341 

 

Fig. 7. The change of pRF-

size as a function of the 

change of eccentricity during 

remapping for cells in FEF 

(top) and LIP (bottom). For 

each cell, the changes are 

relative to its cRF size and 

eccentricity during fixation 

(without remapping). The 

same cell’s results in different 

time bins (see text) are linked 

by gray lines. The cells 

numbers are the same as in 

Fig. 6. The red line in each 

plot is the fit of linear mixed 

model, which we use because 

different data points of the 

same cell are not independent 

samples. 
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342 
matched the pRF cell numbers (Fig. 8). Therefore, the insignificant change of the pRF 343 
size during remapping in Fig. 7 is not because of the small bin size or small numbers of 344 

cells. 345 

Discussions 346 

We addressed two closely related issues in this paper. First, perisaccadic RF 347 
remapping can transiently change a cell’s eccentricity by a large amount. Since RF sizes 348 
depend on eccentricities, does a given cell change its RF size during remapping? In our 349 

circuit model, remapping occurs because cells receive lateral inputs originated from other 350 
cells. This raises a similar question of whether or not a cell changes its RF size when it 351 

receives inputs from other cells with very different eccentricities and RF sizes? Second, 352 
for forward remapping, or equivalently backward updating, to be a useful mechanism for 353 

achieving TSVS, it must be uniform across the visual space: for a given saccade, the 354 
updating of a stimulus’ retinotopic position should be a subtraction of the saccade vector 355 
regardless of where the stimulus appears in the visual space. How is this desired uniform 356 
remapping/updating realized based on cells with very different RF sizes and cortical 357 
magnification factors at different eccentricities of the visual space? To address these 358 

questions, we introduced the standard nonlinear relationship between the cortical and 359 
visual spaces into our circuit model. Our analysis and simulations demonstrate that the 360 

CD-gated connections in the model can be chosen to achieve uniform 361 

 

Fig. 8. Dependence of cRF size on eccentricity in FEF and LIP. This is a control 

analysis of the FEF and LIP data to show that the lack of significance in Fig. 7 is not 

because of the small size of time bins and small numbers of cells. We analyzed cRF 

sizes in four, 50-ms time bins (top, times relative to the onset of the probe stimuli). 

The blue dots show the cells with significant responses. We then randomly sampled a 

subset of the cells to match the cell numbers in Fig. 7, and estimated the mean (red 

lines) and 95% confidence intervals (shaded areas) from 1000 such subsamples. The 

slopes of the red lines are significantly different from 0 in all cases.  
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remapping/updating in the visual space, and in this case, a cell’s RF size does not change 362 
during remapping despite its receiving inputs from other cells with different 363 

eccentricities/RF sizes. By contrast, if the connections are chosen such that 364 
remapping/updating is uniform in the cortical space (but not in visual space), a cell’s RF 365 
size does change during remapping. We analyzed our previously published data from LIP 366 
and FEF and found that remapping magnitudes (normalized by the saccade magnitudes) 367 
are similar for cells of large and small eccentricities. This is the first physiological 368 

evidence of uniform remapping in the visual space. We then confirmed the prediction that 369 
RF sizes did not change significantly with eccentricity during remapping. The work 370 
provides a specific circuit mechanism for realizing uniform remapping/updating and 371 
transsaccadic perceptual stability across the entire visual field. 372 

 In addition to the prediction on RF sizes during remapping, another prediction of 373 
the model is Equation 10 which specifies the decrease of the CD-gated connection 374 
magnitude with eccentricity to ensure uniform remapping/updating in the visual space. 375 

Additionally, we predict that the translational component of perisaccadic mislocalization 376 
(the dominant component in the dark 19) must be uniform across the visual space. This is 377 

because according to our model, translational mislocalization is produced by the temporal 378 
relationship between the flash time of a stimulus and the CD time course 10 and this 379 
relationship does not change with the stimulus location when remapping/updating is 380 

uniform over the visual space.  381 

 Most physiological studies of perisaccadic remapping and our circuit model for 382 

remapping/updating focus on stimulus position. What, then, happens to stimulus 383 
features/contents across saccades? A small number of physiological studies that 384 

examined this question found different degrees of feature remapping in different brain 385 
areas with different methods 20–22. By contrast, many psychophysical experiments 386 

examined feature, form, object, or even scene perception across saccades. A popular 387 
paradigm is saccadic change blindness: a stimulus is presented before a saccade and then 388 
changed during the saccade 23. Because of saccadic suppression, subjects usually do not 389 

see the change when it happens but have to report after the saccade whether or not they 390 
noticed a change. Typical findings are that subjects often fail to detect large changes, 391 
similar to the results of fixational change blindness (in which a blank screen, instead of a 392 

saccade, separates a pair of stimuli to prevent a direct, temporal comparison). Such 393 
findings suggest that only a small number of attended image patches are represented 394 
under fixation and get remapped/updated across saccades, and even for the 395 
remapped/updated image patches, not all features/details in them are stored and carried 396 

over saccades. Further studies are needed to determine the properties of feature, form, 397 
object, and scene remapping/updating across saccades, their relationship to attention and 398 
perception, and their dependence on tasks.  399 

As noted in Introduction, according to our model, a stationary object in the world 400 
appears stable across a saccade because its presaccadic retinotopic position is updated to 401 
its correct postsaccadic retinotopic position (by the subtraction of the saccade vector), 402 
and the updated position agrees with the new (reafferent) retinal inputs from the same 403 
object after the saccade 10. A mismatch between the updated position and the reafferent 404 
position may drive learning/plasticity to adjust the CD-gated connections and correct the 405 
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mismatch. Whether and how this learning process operates under developmental and 406 
pathological conditions are open questions. A related question is whether there is a 407 

threshold for the mismatch to reach before the learning is triggered. Indeed, the paradigm 408 
of saccadic change blindness has also been used to investigate subjects’ sensitivity to 409 
changes of stimulus positions, and the conditions for both low and high sensitivities have 410 
been reported 24,25. A further question is whether the sensitivity topositional changes 411 
decreases, and the learning threshold increases, with eccentricity, given that visual acuity 412 

decreases with eccentricity. If so, remapping/updating would not be perfectly uniform 413 
across the visual space, and the circuit mechanism we proposed here, like all models, 414 
must be an idealized approximation of biological reality.  415 

Methods 416 

Circuit model 417 

We modeled a one-dimensional array of retinotopic LIP/FEF units covering the 418 

horizontal axis. We use a dual representation of the same circuit model: in the cortical 419 
space measured by distance x in mm along the cortical surface and in visual space 420 

measured by y in degrees of visual angles. We first determined the model in the cortical 421 
space, and then used Equation 1 in the main text to specify the relationship between the 422 
cortical space and the visual space.  In the cortical space, each unit is governed by the 423 

equations: 424 

τ
∂𝑢(𝑥,𝑡)

∂𝑡
= −𝑢(𝑥, 𝑡) + ∫ 𝑊(𝑥, 𝑥′)𝑟(𝑥′, 𝑡)𝑑𝑥′∞

−∞
+ 𝐼(𝑥, 𝑡),          (15) 425 

𝑟(𝑥, 𝑡) = max[𝑢(𝑥, 𝑡), 0]          (16) 426 

where 𝑢(𝑥, 𝑡) and 𝑟(𝑥, 𝑡) represent, respectively, the membrane potential and firing rate 427 

of the unit at location and time (𝑥, 𝑡), 𝜏 is the membrane time constant, 𝑊(𝑥, 𝑥′) is the 428 

recurrent (lateral) connection strength from neuron at 𝑥′ to neuron at 𝑥, and 𝐼 is the 429 

feedforward inputs to LIP/FEF which originate from the retina.  𝑊(𝑥, 𝑥′) is a sum of two 430 

parts: : (1) symmetric, center-excitation/surround-inhibition connections modeled as a 431 

weighted difference between two Gaussians: 𝑊𝑠𝑦𝑚 = 𝐽𝑒𝑥𝑐𝐺(𝑥, 𝑥′, σ𝑒𝑥𝑐) −432 

𝐽𝑖𝑛ℎ𝐺(𝑥, 𝑥′, σ𝑖𝑛𝑔) where 𝐺(𝑥, 𝑥′, σ) = exp (−
(𝑥−𝑥′)

2

2σ2
), and (2) directional connections 433 

gated by the saccade CD, with predominantly excitation and inhibition in the backward 434 
and forward directions of the saccade, respectively. For the simulations in this paper, we 435 

let 𝐽𝑒𝑥𝑐 = 0.11, σ𝑒𝑥𝑐 = 2 mm,  𝐽𝑖𝑛ℎ = 0.06, σ𝑖𝑛ℎ = 3.19 mm. We modeled the CD-436 

gated  connections as the antisymmetric, spatial derivative of the symmetric connections: 437 

𝑊𝑎𝑛𝑡𝑖 = 𝐽(𝑥, 𝑡)
∂𝑊𝑠𝑦𝑚

∂𝑥
 where  𝐽(𝑥, 𝑡) = 𝑓(𝑥)𝑔𝐶𝐷(𝑡) with the CD gating factor 𝑔𝐶𝐷(𝑡) =438 

𝑔 exp [−
1

2
(

𝑡−𝑡𝑚

𝜎𝑐𝑑
)

2

]. This choice of 𝑊𝑎𝑛𝑡𝑖 is known to preserve the shape of the activity 439 

bump when the spatial factor 𝑓(𝑥) is a constant 14 and our simulations show that the 440 

shape is well maintained even when 𝑓(𝑥) is not a constant. We set 𝑡𝑚 to be the mid time 441 

of the saccade duration assumed to be 50 ms, and σ𝑐𝑑 = 60 ms. The peak CD 𝑔 depends 442 

on the saccade and for convenience, we merged it with 𝑓(𝑥). Other forms of 𝑔𝐶𝐷(𝑡) work 443 
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too 6,10. As explained in the text, we considered cases where 𝑓(𝑥) is a constant and where 444 

𝑓(𝑥) varied with x according to Equation 11. In the former case we let 𝑓(𝑥) = 1.36, and 445 

in the latter case we let 𝑓(𝑥) = 2.65𝑒−0.125𝑥. This means k = 0.125/mm in Equation 1, 446 
and we set a = 8.05° in that equation for our simulations. These parameters map 20 mm 447 

of the cortical space to 90° of the visual space. The blue curve of Fig. 1a shows only the 448 
∂𝑊𝑠𝑦𝑚

∂𝑥
 part of the directional connections. The speeds of remapping and updating have 449 

opposite signs, and their absolute value in the cortical space is given by 14: 450 

𝑣𝑥 = 𝐽(𝑥, 𝑡)/ τ          (17) 451 
 452 

For visual inputs, we considered flashed spots on retina as in the actual 453 
experiment of Wang et al.6,10 A spot flashed on retina is filtered both spatially and 454 

temporally when it reaches LIP/FEF so we modeled its input to LIP/FEF units as a spatial 455 

Gaussian function and a temporal gamma function:  456 

𝐼(𝑥, 𝑡) = 𝐽𝑖𝑛𝐺(𝑥, 𝑥0, σ𝑖𝑛)𝑓(𝑡, 𝑝, 𝑞)          (18) 457 

𝑓(𝑡, 𝑝, 𝑞) =
1

𝑞𝑝Γ(𝑝)
𝑡𝑝−1𝑒−𝑡/𝑞          (19) 458 

where 𝑥0 is the retinotopic position of the flash, and 𝑝 and q are the shape and scale 459 

parameters, respectively. We let σ𝑖𝑛 = 1.5 mm, 𝐽𝑖𝑛 = 4, 𝑝 = 6, 𝑞 = 8 ms so the delay 460 

from the retinal flash to the peak of the LIP/FEF input is (p-1)q = 40 ms.   461 

Data analysis 462 

We reanalyzed our LIP and FEF single-unit data reported in our previous 463 
publications 6,10 to test two predictions: (i) for the pRFs we measured with flashes before 464 

the saccades, the final magnitude of forward remapping (which completes about 150 ms 465 

after saccade onset) should be independent of the cRF eccentricity; and (ii) when the 466 
pRFs shift in space during remapping, their sizes at a given time (or small time interval) 467 
should remain unchanged. Detailed information regarding the experimental design, data 468 

collection, and data analysis can be found in those publications. Briefly, single-unit 469 
activity was recorded from the LIP and FEF of monkeys while they performed a delayed 470 

saccade task. For each unit, RFs were measured across four distinct time periods—471 
current (presaccadic before the target onset), delay (presaccadic after the target onset), 472 
perisaccadic, and future (postsaccadic)—by presenting a probe stimulus at one of 473 
multiple array locations during each period of every trial. These RFs are hereafter 474 

referred to as the cell’s cRF, dRF, pRF, and fRF, respectively. For the current purpose, 475 
we focused on the cells’ pRFs measured during the perisaccadic period when the 476 

remapping direction is largely forward. We modified and extended our previous analysis 477 
method to include the calculation of the RF size. We fully describe the method below 478 
including some details inadvertently left out in our previous publications. The Matlab 479 
code for the data analysis and the Python code for the model simulations will be posted 480 
online after the publication. The data analysis code also reproduces the results in our 481 

previous publications.  482 

Stimulus presentation time:  When the computer code for stimulus presentation 483 
is executed, it takes a variable delay, in the range of tens of ms, for the stimulus to 484 
actually appear on the display screen. To determine the stimulus presentation time more 485 
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accurately, we attached a photocell at the lower-right area of the screen that was turned 486 
on and off with the stimulus in the code (the area was covered), and recorded the 487 

photocell output via a Labjack data acquisition unit in each period of each trial. We used 488 
the onset and offset times of the output as a proxy for the stimulus onset and offset times. 489 
For the perisaccadic period, it is important that all probe stimuli for measuring the pRF 490 
appeared before the saccade onset to ensure that they were all in the same retinotopic 491 
reference frame. We therefore excluded trials in which the stimulus offset time was later 492 

than the saccade onset time. The resulting data set was published previously 10 and used 493 
in the current study. The saccade onset time was the time when the eye speed first 494 
exceeded 30 deg/sec 26. The eye position was recorded with subconjunctival search coils 495 
sampled at 2.7KHz 6.  496 

Significant response screening: We selected cells exhibiting significant visual 497 

responses independently for each time period and alignment condition. For each period, 498 
repeated trials were aligned to the onset of the probe stimulus; for the perisaccadic period, 499 
trials were additionally aligned to the onset of the saccade. For the screening purpose, the 500 

response was defined as the mean firing rate recorded between 50 and 150 ms after each 501 
probe onset, or between 0 and 100 ms after saccade onset (these time windows were 502 
selected to capture the majority of evoked neural activities). The baseline firing rate was 503 

defined as the mean firing rate recorded between 0 and 50 ms before the corresponding 504 
probe onset. The probe position that elicited the maximal response was identified, and a 505 

two-sided Wilcoxon rank-sum test was performed to compare responses at this position 506 

with the corresponding baseline (𝛼 = 0.05). Only cells that passed this test were retained 507 

for subsequent analyses. For each selected cell, spatial responses were normalized across 508 

probe positions as (𝑟𝑘 − 𝑟𝑚𝑖𝑛)/(𝑟𝑚𝑎𝑥 − 𝑟𝑚𝑖𝑛), where 𝑟𝑘is the response at position k and 509 

𝑟𝑚𝑎𝑥  and 𝑟𝑚𝑖𝑛  are the maximum and minimum responses across positions. Subtracting 510 

𝑟𝑚𝑖𝑛 reduces the influence of non-visual activity (e.g., saccade-related responses). 511 

Additionally, because the saccade target was consistently placed outside the cell’s 512 
receptive field, any contribution of saccade-related activity to the measured visual 513 

responses was minimized. 514 

Well-measured RF screening:  We selected cells with well-measured RFs. 515 
Following significant response screening, normalized responses across sampled probe 516 

positions were linearly interpolated and resampled on a two-dimensional grid (grid 517 
spacing = 0.1 deg along both axes) to generate an RF heatmap. A contour corresponding 518 
to a specified percentage of the cell’s maximum response (the contour criterion) was then 519 
traced. We additionally required that every probe position falling within this contour had 520 

at least five trials, and that at least 80% percent of the contour is within the grid region 521 
(the completeness criterion). If part of a contour was not within the grid region, then the 522 
relevant grid boundary is used as the contour. We used the region within the contour to 523 

calculate both the RF area and the RF center. The RF area was the number of resampled 524 
grid points within the contour multiplied by the grid-spacing squared. The RF size was 525 
defined as the square root of the RF area. The RF center was the center of mass within 526 
the contour weighted by the responses.  527 

We previously only needed to determine the RF center location 6,10 whereas in the 528 

current study, we additionally needed to determine the RF size. For the RF center 529 
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calculation, it is sufficient to focus on a small area around the peak response point, andwe 530 
previously used a standard value of 0.85 for the contour criterion (and showed similar 531 

results when it was set to 0.75). By contrast, for the RF size calculation, it is more 532 
reliable to include a larger area around the peak response point. However, when the 533 
contour criterion has a smaller value to include a larger area, fewer cells satisfy the 534 
completeness criterion and the results become noisier. To balance these considerations, in 535 
the present study, we used a standard value of 0.6 for the contour criterion, and showed 536 

similar results when it was set to 0.7. We also used a larger contour criterion for 537 
measuring the RF center and a smaller contour criterion for measuring the RF size. Since 538 
the results are very similar to those with a single contour criterion, we do not report them 539 
here. 540 

Significant remapping screening: We selected cells showing significant pRF 541 

shifts. For each cell, the displacement of the pRF centers relative to the cRF center was 542 
computed (in degrees of visual angle), and the significance of these displacements was 543 
assessed via bootstrap simulation. Specifically, for each probe position of a given cell, 544 

per-trial spike counts were modeled as a Poisson distribution with a mean equal to the 545 
observed mean spike count. One thousand repeated simulations were then generated, with 546 
spike counts sampled from these distributions (matching the number of trials in the 547 

original experiment). To test whether the pRF center of a cell differed from the cRF 548 
center, the 1,000 bootstrapped pRF and cRF centers were projected onto the axis 549 

connecting their respective means. The fraction of overlap between these two one-550 
dimensional projection distributions was quantified, and a shift was deemed significant if 551 
this overlap was < 5%.  552 

We used the cells that passed the above screening steps for each period and brain 553 

area for further analyses below.  554 

Forward remapping magnitudes for small- and large-eccentricity groups of 555 
cells: As we noted in the text, for the forward remapping to be a useful mechanism for 556 
TSVS, the remapping magnitude must be uniform across eccentricity in the visual space. 557 

We calculated each cell’s eccentricity as the distance between its cRF center and the 558 
fixation. The cRF center was determined with the responses 50–150 ms after the probe 559 
onset. We then divided the cells in each brain area into small- and large-eccentricity 560 

groups using the median eccentricity. Since forward remapping ends around 150 ms after 561 
the saccade onset (or 100 ms after the saccade offset), we calculated the final pRF 562 
remapping magnitude using the responses 100-150 ms after the saccade onset. The 563 

remapping magnitude is the distance between a cell’s pRF center and cRF center. To pool 564 
results from cells recorded with different saccade magnitudes, we normalized the final 565 
remapping magnitude by the saccade magnitude.  566 

pRF size and eccentricity during perisaccadic remapping: Since the 567 
remapping direction becomes predominant forward starting about 25 ms before the 568 
saccade onset and the remapping process completes about 100 ms after the saccade offset 569 
(or about 150 ms after the saccade onset) 6,10, we focused on this period and divided it 570 

into four consecutive, non-overlapping 50-ms time bins centered at -25, 25, 75 and 125 571 
ms relative to the saccade onset to calculate the pRF size and eccentricity of a cell in each 572 
bin. The 50-ms bin size balanced two competing factors: A smaller bin would introduce 573 
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more noise into firing rate calculations whereas a larger bin would make it harder to 574 
study changes of RF size and eccentricity during remapping. It is also important not to 575 

include periods after the remapping ended as they would bias the results toward no 576 
change. For subsequent analyses, we retained only the data that met two criteria: (1) the 577 
neural response within a given time bin was significantly higher than the baseline; and (2) 578 
the remapping direction fell within 30° of the saccade (forward) direction. We then 579 
computed the pRF size and center as explained above, and the pRF eccentricity as the 580 

distance between the pRF center and the fixation. We next computed the changes of the 581 
pRF size and eccentricity in each time bin relative to the same cell’s cRF size and 582 
eccentricity (see below). Finally, we fit a mixed linear-effects model 27 to the change of 583 
the pRF size as a function of the change of the pRF eccentricity separately for the LIP 584 
and FEF cells, with both the slope and intercept as random variables.  585 

Note that if we simply plotted the pRF size as a function of the pRF eccentricity, 586 
the well-known dependence of the RF size on the eccentricity among different cells 587 
would dominate the plot, and we could not examine the relationship between the RF size 588 

and eccentricity of the same cells during the remapping process. This is why we 589 
computed the changes of the pRF size and eccentricity in each time bin relative the same 590 
cell’s cRF size and eccentricity. 591 

cRF size and eccentricity: As a control for the results in Fig. 7 (see text), we 592 
calculated the cRF size and eccentricity using responses from four 50-ms time bins 593 

centered at 75, 125, 175, and 225 ms after the probe onset, matching the time-bin size 594 
used in the pRF analysis. The first bin was centered at 75 ms after the probe onset 595 

because stimulus-evoked responses have a latency of about 50 ms. For each brain area, 596 

we randomly sampled a subset of the cRFs to match the corresponding pRF cell number 597 

in Fig. 7. We repeated this random subsampling 1000 times with replacement, and 598 
applied the robust linear regression 28 to the results of each subsample. We determined 599 

the mean and the 95% confidence interval of the slope from the distribution of fitted 600 
slopes. When we calculated the changes of a cell’s pRF size and eccentricity from the 601 
same cell’s cRF baselines, we used the cRF results from the 50-ms bin centered at 125 602 

ms after the probe onset.  603 
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Supplemental Information 613 

1. Width of steady-state population activity bump 614 

We first examined that when there is an activity bump evoked by a brief stimulus 615 
in our circuit model, what model parameters determine the width of the bump at the 616 
steady state. The analysis is similar to that of Amari et al who considered a step function 617 
as the activation function while we used a ReLU function (Equation 16). At the steady 618 
state after the brief input disappears, Equation 15 becomes: 619 

𝑢(𝑥) = ∫ 𝑊(𝑥, 𝑥′)𝑟(𝑥′)𝑑𝑥′∞

−∞
          (S1) 620 

The population activity bump 𝑟(𝑥) (or 𝑢(𝑥) ≥ 0) is determined by the symmetric part of 621 

the connectivity, 𝑊𝑠𝑦𝑚(𝑥 − 𝑥′), and must have a symmetric shape. (The CD-gated anti-622 

symmetric part, 𝑊𝑎𝑛𝑡𝑖, is only responsible for shifting the bump during saccades while 623 

maintaing its shape 14.) Without loss of generality, we can assume the bump extends from 624 

−𝑑 to +𝑑 with 𝑢(𝑥) = 𝑢(−𝑥). Since 𝑢(𝑥) = 𝑟(𝑥) for 𝑢(𝑥) ≥ 0, Equation S1 becomes: 625 

∫ 𝑊𝑠𝑦𝑚(𝑥 − 𝑥′)𝑢(𝑥′)𝑑𝑥′𝑑

−𝑑
= 𝑢(𝑥)          (S2) 626 

for −𝑑 ≤ 𝑥 ≤ 𝑑, and  𝑢(𝑥) = 0 otherwise. In particular, 𝑢(𝑥) = 0 at 𝑥 = −𝑑 and 𝑑: 627 

∫ 𝑊𝑠𝑦𝑚(𝑑 − 𝑥′)𝑢(𝑥′)𝑑𝑥′𝑑

−𝑑
= ∫ 𝑊𝑠𝑦𝑚(𝑥′)𝑢(𝑥′ − 𝑑)𝑑𝑥′2𝑑

0
= 0          (S3) 628 

This equation determines the width of the activity bump 2d. As Fig. S1 illustrates, when 629 

𝑢(𝑥) is shifted by d to cover [0, 2d], its product with 𝑊𝑠𝑦𝑚(𝑥) must have equal positive 630 

and negative areas to sum to 0. Since 𝑊𝑠𝑦𝑚(𝑥) remains negative beyond the point of zero 631 

crossing, the width 2d is stable: under the perturbation 𝑑 → 𝑑 + 𝜀,   
∂𝑢(𝑑+𝜀,𝑡)

∂𝑡
 will have 632 

the opposite sign of 𝜀 to eliminate the perturbation. If the widths of 𝑊𝑠𝑦𝑚(𝑥) and 𝑢(𝑥) 633 

(and thus d) are scaled by the same factor, Equation S3 is still satisfied. This means that 634 

when 𝑊𝑠𝑦𝑚 is scaled to a different width, the activity bump (if present; see below) will 635 

scale accordingly.  636 

For an activity bump 𝑢(𝑥) to exist, Equation S2 implies that it must be an 637 

eigenvector of 𝑊𝑠𝑦𝑚 with an eigenvalue of 1. If we substitute: 𝑊𝑠𝑦𝑚(𝑥) → 𝑊𝑠𝑦𝑚(𝑘𝑥), 638 

𝑢(𝑥) → 𝑢(𝑘𝑥) (and thus 𝑑 → 𝑘𝑑) to the left-hand side of Equation S2, we have: 639 

∫ 𝑊𝑠𝑦𝑚(𝑘(𝑥 − 𝑥′))𝑢(𝑘𝑥′)𝑑𝑥′𝑘𝑑

−𝑘𝑑
= 

1

𝑘
∫ 𝑊𝑠𝑦𝑚(𝑘𝑥 − 𝑥′)𝑢(𝑥′)𝑑𝑥′𝑑

−𝑑
=

1

𝑘
𝑢(𝑘𝑥)          (S4) 640 

In other words, if 𝑢(𝑥) is an eigenvector of 𝑊𝑠𝑦𝑚(𝑥) with an eigenvalue of 1, then 𝑢(𝑘𝑥) 641 

is an eigenvector of 𝑊𝑠𝑦𝑚(𝑘𝑥) with an eigenvalue 1/k. Therefore, to have an eigenvalue 642 

of 1 for maintaining the activity bump, the proper substitution is 𝑊𝑠𝑦𝑚(𝑥) → 𝑘𝑊𝑠𝑦𝑚(𝑘𝑥). 643 

For example, if  𝑘 = 2 to make 𝑊𝑠𝑦𝑚 (and the activity bump) half as wide, its strength 644 
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should be doubled. Doubling the connection strength is equivalent to doubling the cell 645 
density. 646 

The above results can be understood intuitively when the continuous equations 647 
are simulated with discrete neurons. Consider a circuit with N retinotopically arranged 648 
neurons that produces an activity bump of a certain stable size. We can assign the spacing 649 
between two adjacent neurons to any value of visual angle. If, for example, we half the 650 
assigned value, the width (in visual angle) of the activity bump will be halved and the 651 

neuron density (number of neurons per unit visual angle) will be doubled.  652 

 These considerations suggest that we can build the model in the cortical space and 653 
then assign a given cortical distance to a progressively larger visual angle as eccentricity 654 
increases according to Equation 1 in the text.  To ensure the stability of the activity bump, 655 

𝑊𝑠𝑦𝑚(𝑥, 𝑥′) should be translationally invariant and symmetric in the cortical space 656 

 𝑊𝑠𝑦𝑚(𝑥, 𝑥′) =  𝑊𝑠𝑦𝑚(𝑥 − 𝑥′) = 𝑊𝑠𝑦𝑚(𝑥′ − 𝑥).  657 

We finally note that since a stimulus evokes a symmetric population activity 658 
bump of size 2d in the cortical space, the RF of a cell has the same size of 2d, covering 659 

the range [x-d, x+d] for the cell tuned to x. 660 

 661 

2. Constant pRF sizes during remapping 662 
when the updating/remapping speed is 663 
uniform in the visual space  664 

As we shown above, because the 665 

symmetric connectivity is uniform in the 666 
cortical space, the steady-state activity 667 

bumps and RFs are the same across the 668 
cortical space, covering a range of [-d, d] 669 

symmetrically around a given position 𝑥. 670 
Their shapes/sizes are different in the visual 671 

space and can be determined by Equation 1. 672 
For convenience, we define a cell’s RF 673 
center in the visual space as its peak location. 674 
Consider cell 1 in Fig. 4. In the cortical 675 

space, the left border, center, and right 676 

border of its RF are located at 𝑥1 − 𝑑,  𝑥1,677 

and 𝑥1 + 𝑑, respectively (dashed arrows in Fig. 4a). In the visual space, they are located 678 

at 𝑦1 − 𝛿 = 𝐸(𝑥1 − 𝑑), 𝑦1 = 𝐸(𝑥1), and 𝑦1 + 𝜇 = 𝐸(𝑥1 + 𝑑), respectively (dashed 679 

arrows in Fig. 4b), according to Equation 1, where:  680 

𝛿 = 𝐸(𝑥1) − 𝐸(𝑥1 − 𝑑) = (𝑦1 + 𝑎)(1 − 𝑒−𝑘𝑑)          (S5) 681 

𝜇 = 𝐸(𝑥1 + 𝑑) − 𝐸(𝑥1) = (𝑦1 + 𝑎)(𝑒𝑘𝑑 − 1)          (S6) 682 

 

Fig. S1. Stable population activity bump 

(blue) produced by the symmetric, 

Mexican-hat connectivity pattern (red). 

The width of the activity bump, 2d, in the 

cortical space is determined by the 

condition that the product of the two 

curves sums to 0. 
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This means that small stimuli at 𝑦1 − 𝛿 and 𝑦1 + ∆ produce population activity bumps 683 

that just include cell 1, and cell 1’s RF size in the visual space is Δ𝑦1 = 𝛿 + 𝜇 (the 684 
distance between the dashed blue and green arrows in Fig. 4b). 685 

Now consider cell 1’s RF during the CD-driven updating/remapping. Assume that 686 
at a given time T relative to the saccade onset, the activity bump evoked by a stimulus at 687 

𝑦2 shifts to the bump centered at 𝑦1. Since the updating/remapping speed 𝑣𝑦 is 688 

independent of 𝑦, at the same time T, the activity bump evoked by a stimulus at 𝑦2 − 𝛿 689 

shifts to the bump centered at 𝑦1 − 𝛿, and the activity bump evoked by a stimulus at 𝑦2 +690 

𝜇 shifts to the bump centered at 𝑦1 + 𝜇. Since a steady-state activity bump is determined 691 

by the attractor dynamics and preserved by the anti-symmetric, CD-gated connections 692 

during the shift, it is the same at a given position 𝑦 regardless of whether it is evoked by a 693 

stimulus at 𝑦 or updated/remapped laterally to 𝑦.  Therefore, when cell 1’s RF center is 694 

remapped from 𝑦1 to 𝑦2, its RF covers the range [𝑦2 − 𝛿, 𝑦2 + 𝜇], with a size of Δ𝑦2 =695 

𝛿 + ∆ identical to its original size Δ𝑦1. 696 

 697 

3. Change of RF sizes during remapping when the updating/remapping speed is 698 
nonuniform in either the cortical space or the visual space  699 

For the general case of 𝑓(𝑥) = 𝑓(0)𝑒−𝛼𝑘𝑥 with 0 ≤ α ≤1, we have: 700 

 701 

𝑣𝑥 = 𝑓(0)𝑔(𝑡)𝑒−𝛼𝑘𝑥/τ          (S7) 702 
Then, Equations 1 gives: 703 

𝑣𝑦 ≡ 𝑑𝑦/𝑑𝑡 = ℎ(𝑡)(𝑦 + 𝑎)(1−𝛼)          (S8) 704 

where ℎ(𝑡) = 𝑘𝑓(0)𝑔(𝑡)/τ. Separate variables y and t and integrate over any fixed time 705 

window of duration T relative to the saccade onset during which an RF peaked at 𝑦1 is 706 

remapped forward to 𝑦2 (or equivalently, a population activity bump peaked at 𝑦2 is 707 

updated backward to 𝑦1), we have: 708 

𝐻(𝑇) = (𝑦1 + 𝑎)α − (𝑦2 + 𝑎)α          (S9) 709 

for α ≠ 0, and 710 

𝐻(𝑇) = log(𝑦1 + 𝑎) − log (𝑦2 + 𝑎)          (S10) 711 

for α = 0. 𝐻(𝑇)  =  (1/𝑣𝑦) ∫ ℎ(𝑡)𝑑𝑡
𝐿+𝑇

𝐿
  for an arbitrary but fixed starting time L and its 712 

detailed form is unimportant. In either case of α,  we differentiate Equations S9 and S10 713 

with respect to the y variables to obtain: 714 

d𝑦2

d𝑦1
= (

𝑦2+𝑎

𝑦1+𝑎
)

(1−α)

          (S11) 715 

Equation S11 is exact. For finite sized Δ𝑦1 around 𝑦1and Δ𝑦2 around 𝑦2, the expression is 716 

approximate, which is Equation 14 in the text. The approximation happens to be exact for 717 

the two special cases of  α = 0 and 1.  718 

4. Data analyses with a different contour criterion 719 
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We used a standard contour criterion of 0.6 to produce Figs. 6 and 7 in the main text. To 720 
demonstrate the robustness of the results, we repeated the analyses with a contour 721 

criterion of 0.7. The results, shown in Figs. S2 and S3 are similar to those in Figs. 6 and 722 
7.  723 

 724 

 725 

 726 

  727 

 

Fig. S2. Spatially uniform 

remapping in LIP and FEF. The 

figure is identical to Fig. 6 of the 

main text except that we changed 

the contour criterion from 0.6 to 

0.7. The left panels show that the 

small- and large-eccentricity 

groups of cells have significantly 

different mean eccentricities 

(two-sided Wilcoxon rank-sum 

test; p = 3.05x10-13 for FEF; p = 

3.02x10-11 for LIP). The right 

panels show that the two groups 

have similar remapping 

magnitudes (p = 0.20 for FEF; p 

= 0.88 for LIP). 

 

 

 

 

 

 

 

Fig. S3. The change of pRF-

size as a function of the 

change of eccentricity during 

remapping for cells in FEF 

(top) and LIP (bottom). The 

figure is identical to Fig. 7 of 

the main text except that we 

changed the contour criterion 

from 0.6 to 0.7. For each cell, 

the changes are relative to its 

cRF size and eccentricity 

during fixation (without 

remapping). The same cell’s 

results in different time bins 

(see text) are linked by gray 

lines. The cells numbers are 

the same as in Fig. S2. The red 

line in each plot is the fit of 

linear mixed model, which we 

use because different data 

points of the same cell are not 

independent samples. 
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