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Figure 1 | PFR neurons signal Drosophila’s allocentric traveling direction as differentiated from the 
allocentric heading signal in EPG neurons. a, Drosophila brain and central complex. b, Two example EPG 
cells and two example PFR cells show how an EPG bolus at the top of the ellipsoid body co-aligns, via 
projections to the protocerebral bridge, with a PFR bolus in the center of the fan-shaped body. c, Tethered, flying 
fly setup. d, Sample GCaMP7f frames of the EPG bolus in the ellipsoid body and the PFR bolus in the fan-shaped 
body. e, Sample time series of simultaneously imaged EPG and PFR boluses in a tethered, flying fly. Top two 
traces show the [Ca2+] signal and bottom trace shows the phase estimates of the two boluses and the location of 
the closed-loop bright dot. First half: no ventral optic flow shown. Second half: ventral optic flow simulating 
forward travel presented in open loop. Grey regions in bottom trace indicate the 90° part of the visual arena that 
contains no LEDs. Time points t1 and t2 in d are the same as in this panel. f, Probability distributions of the 
difference between the EPG phase and the bright dot angular position, with and without optic flow. Single fly 
distributions: light gray. Mean: black.  g, Same as f, but plotting the difference between the EPG and PFR phases. 
h, Top, EPG (blue) and PFR (purple) GCaMP7f signal in the context of a tethered, flying fly experiencing optic-
flow that with foci of expansion that simulate the following directions of travel: 180˚ (backward), -120˚, -60˚, 0˚ 
(forward), 60˚, 120˚, 180˚ (backward; repeated data). Middle, EPG and PFR phases for the above GCaMP7f 
signal. Bottom, Mean (circular) phase difference between EPGs and PFRs. Single fly means: light gray. 
Population mean: black. Dotted rectangle indicates a repeated-data column. i, Phase difference between EPG and 
PFR bolus positions as a function of the optic flow direction (i.e., the egocentric traveling direction). Circular 
means were calculated in the last 2.5 s optic flow presentation. Gray: individual fly (circular) means. Black: 
population (circular) mean and s.e.m. Dotted rectangle indicates a repeated-data column. j, PFR phase as a 
function of the presumed allocentric traveling direction, calculated by assuming that the EPG phase indicates 
allocentric heading direction and adding to this angle, at every sample point, the optic-flow angle. Same data in h-
j. Gray: individual fly means. Black: population mean. (Notice flipped x-axis, which indicates that the PFR bolus 
position indicates inverse of the fly's traveling direction in the reference frame used.) 
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Figure 1 | PFR neurons signal Drosophila’s allocentric traveling direction as differentiated from the 
allocentric heading signal in EPG neurons. a, Drosophila brain and central complex. b, Two example EPG 
cells and two example PFR cells show how an EPG bolus at the top of the ellipsoid body co-aligns, via 
projections to the protocerebral bridge, with a PFR bolus in the center of the fan-shaped body. c, Tethered, flying 
fly setup. d, Sample GCaMP7f frames of the EPG bolus in the ellipsoid body and the PFR bolus in the fan-shaped 
body. e, Sample time series of simultaneously imaged EPG and PFR boluses in a tethered, flying fly. Top two 
traces show the [Ca2+] signal and bottom trace shows the phase estimates of the two boluses and the location of 
the closed-loop bright dot. First half: no ventral optic flow shown. Second half: ventral optic flow simulating 
forward travel presented in open loop. Grey regions in bottom trace indicate the 90° part of the visual arena that 
contains no LEDs. Time points t1 and t2 in d are the same as in this panel. f, Probability distributions of the 
difference between the EPG phase and the bright dot angular position, with and without optic flow. Single fly 
distributions: light gray. Mean: black.  g, Same as f, but plotting the difference between the EPG and PFR phases. 
h, Top, EPG (blue) and PFR (purple) GCaMP7f signal in the context of a tethered, flying fly experiencing optic-
flow that with foci of expansion that simulate the following directions of travel: 180˚ (backward), -120˚, -60˚, 0˚ 
(forward), 60˚, 120˚, 180˚ (backward; repeated data). Middle, EPG and PFR phases for the above GCaMP7f 
signal. Bottom, Mean (circular) phase difference between EPGs and PFRs. Single fly means: light gray. 
Population mean: black. Dotted rectangle indicates a repeated-data column. i, Phase difference between EPG and 
PFR bolus positions as a function of the optic flow direction (i.e., the egocentric traveling direction). Circular 
means were calculated in the last 2.5 s optic flow presentation. Gray: individual fly (circular) means. Black: 
population (circular) mean and s.e.m. Dotted rectangle indicates a repeated-data column. j, PFR phase as a 
function of the presumed allocentric traveling direction, calculated by assuming that the EPG phase indicates 
allocentric heading direction and adding to this angle, at every sample point, the optic-flow angle. Same data in h-
j. Gray: individual fly means. Black: population mean. (Notice flipped x-axis, which indicates that the PFR bolus 
position indicates inverse of the fly's traveling direction in the reference frame used.) 
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angular velocity should be in register. That is, for any given heading, 
plasticity should ensure that inhibitory ring neurons create a position 
of decreased inhibition in the ellipsoid body that coincides with where 
the P–EN input moves the bump—essentially a self-consistent mapping 
of visual cues onto the bump.

We first tested the model for a simple scene with a single vertical 
stripe (Extended Data Fig. 1b–e), simulating the fly turning through 
the scene (Fig. 2e–g, Supplementary Video 2; a complex scene is shown 
in Extended Data Fig. 2a–c). These rotations ensured both that the 
bump travelled around the ellipsoid body and that ring neurons cor-
responding to all visual-feature positions were selectively co-activated 
at appropriate angular orientations. Starting with random synaptic 
weights, Hebbian plasticity produced a spatially consistent mapping 
and stable offset between the heading representation and the angular 
position of the single visual feature (Fig. 2e). Simulating optogenetic 
manipulation as a current injection into model compass neurons repro-
duced the remapping phenomenon (Fig. 2h, Extended Data Fig. 2d, e). 
These results account for the varying offsets observed across flies3, 
the persistence of an offset for a given scene in a single fly and the flex-
ibility that allows the ellipsoid body to track heading within different 
visual scenes.

Optogenetic inversion of the map
In further simulations, the natural concurrence between scene move-
ment and bump position during turns could be inverted, with visual 

cues overriding self-motion input to drive the bump backwards (Fig. 3a, 
b). In optogenetic offset-induction experiments, we found that the 
actual network was indeed flexible enough to induce an inverted remap-
ping in which visual input drove the bump around the ellipsoid body 
in the opposite direction than would be expected (Fig. 3c, d, Supple-
mentary Video 3). In the model, the inversion was eventually corrected 
after prolonged ring attractor dynamics driven by self-motion (Fig. 3b 
rightmost panel), but the short trial duration in our physiological 
experiments probably limited our ability to observe such a correc-
tion in vivo. Thus, although self-motion exerts a strong influence over 
bump movement, network plasticity allows for a strong and notably 
flexible driving role for visual cues.

Remapping after experiencing ambiguity
Ring attractor dynamics ensures a single heading representation at any 
given time even for complex scenes, but under some circumstances 
this can be unstable4. For example, a scene with two identical stripes at 
diagonally opposite locations (Extended Data Fig. 3a) makes orienta-
tion within the scene inherently ambiguous3. Our model predicts that, 
upon prolonged exposure to this two-stripe scene, the plasticity mecha-
nism creates a visual map with two potential offset angles. If a single-
stripe scene is then presented, this results in two competing heading 
representations, with the ring attractor network selecting one of them 
at any particular time (Extended Data Fig. 3b, c). We found a similar 
effect experimentally in some probe trials after just 5 min of in vivo 

θ

Fig. 2 | Manipulation of heading representation pinning offset. a–d, Activity 
snapshots of compass neurons before (a), during (b) and after (c) optogenetic 
manipulation in an open loop (imposed natural-scene orientations at the top, 
with vertical red lines emphasizing the relative orientations). Extended Data 
Figure 1a provides details of the optogenetic stimulation (opto-stim) protocol. 
a, Original pinning offset (arrow in d, top, shows the time of this snapshot).  
b, Optogenetic imposition of new offset. b, Top left, bump imposed on left side 
of the ellipsoid body (below, red rectangle) when scene oriented as at the top. 
b, Top right, 45° counter-clockwise rotated scene and bump with offset as in 
left. b, Middle, sequence of optogenetically imposed ellipsoid-body offsets (d, 
middle) (Methods). b, Bottom, expanded view of same sequence as shown in b 
(middle). c, After manipulation. The bump position relative to the same visual 
scene orientation as in a, shifted by offset imposed in b (compare d, top and 
bottom). d, Compass neuron activity before (top), during (middle) and after 
(bottom) optogenetic manipulation (Supplementary Video 1). Arrow in the top 
panel corresponds to a; arrows in the middle panel correspond to the left and 

right panels of b (top); and arrow in the bottom panel corresponds to c. e, 
Simulation snapshots. Time-varying synaptic weights between ring and 
compass neurons (Extended Data Fig. 2). Simulation begins with random 
synaptic weights (left). Synapses between coactive ring and compass neurons 
are weakened. Synapses from inactive ring to active compass neurons are 
potentiated (see Supplementary Information for different plasticity rules). The 
weight matrix stabilizes over time (right) (Supplementary Video 2). Vertical 
purple rectangle, sample mapping from ring neuron 16 to all compass neurons. 
f, Simulated compass neurons when ring neuron 16 is active. g, Distribution of 
bump offsets across 500 simulations. h, Simulated optogenetic bump shift. 
Left, weight matrix before manipulation. Second and third from the left, a new 
map develops while the existing map weakens. Rightmost two panels, 
consolidation of the new map during a probe trial. Dashed red rectangle, initial 
synaptic weights from ring neuron 9 to compass neurons. Solid red rectangle, 
same weights after consolidation; offset shifted.
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Figure 1 | PFR neurons signal Drosophila’s allocentric traveling direction as differentiated from the 
allocentric heading signal in EPG neurons. a, Drosophila brain and central complex. b, Two example EPG 
cells and two example PFR cells show how an EPG bolus at the top of the ellipsoid body co-aligns, via 
projections to the protocerebral bridge, with a PFR bolus in the center of the fan-shaped body. c, Tethered, flying 
fly setup. d, Sample GCaMP7f frames of the EPG bolus in the ellipsoid body and the PFR bolus in the fan-shaped 
body. e, Sample time series of simultaneously imaged EPG and PFR boluses in a tethered, flying fly. Top two 
traces show the [Ca2+] signal and bottom trace shows the phase estimates of the two boluses and the location of 
the closed-loop bright dot. First half: no ventral optic flow shown. Second half: ventral optic flow simulating 
forward travel presented in open loop. Grey regions in bottom trace indicate the 90° part of the visual arena that 
contains no LEDs. Time points t1 and t2 in d are the same as in this panel. f, Probability distributions of the 
difference between the EPG phase and the bright dot angular position, with and without optic flow. Single fly 
distributions: light gray. Mean: black.  g, Same as f, but plotting the difference between the EPG and PFR phases. 
h, Top, EPG (blue) and PFR (purple) GCaMP7f signal in the context of a tethered, flying fly experiencing optic-
flow that with foci of expansion that simulate the following directions of travel: 180˚ (backward), -120˚, -60˚, 0˚ 
(forward), 60˚, 120˚, 180˚ (backward; repeated data). Middle, EPG and PFR phases for the above GCaMP7f 
signal. Bottom, Mean (circular) phase difference between EPGs and PFRs. Single fly means: light gray. 
Population mean: black. Dotted rectangle indicates a repeated-data column. i, Phase difference between EPG and 
PFR bolus positions as a function of the optic flow direction (i.e., the egocentric traveling direction). Circular 
means were calculated in the last 2.5 s optic flow presentation. Gray: individual fly (circular) means. Black: 
population (circular) mean and s.e.m. Dotted rectangle indicates a repeated-data column. j, PFR phase as a 
function of the presumed allocentric traveling direction, calculated by assuming that the EPG phase indicates 
allocentric heading direction and adding to this angle, at every sample point, the optic-flow angle. Same data in h-
j. Gray: individual fly means. Black: population mean. (Notice flipped x-axis, which indicates that the PFR bolus 
position indicates inverse of the fly's traveling direction in the reference frame used.) 
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Figure 1 | PFR neurons signal Drosophila’s allocentric traveling direction as differentiated from the 
allocentric heading signal in EPG neurons. a, Drosophila brain and central complex. b, Two example EPG 
cells and two example PFR cells show how an EPG bolus at the top of the ellipsoid body co-aligns, via 
projections to the protocerebral bridge, with a PFR bolus in the center of the fan-shaped body. c, Tethered, flying 
fly setup. d, Sample GCaMP7f frames of the EPG bolus in the ellipsoid body and the PFR bolus in the fan-shaped 
body. e, Sample time series of simultaneously imaged EPG and PFR boluses in a tethered, flying fly. Top two 
traces show the [Ca2+] signal and bottom trace shows the phase estimates of the two boluses and the location of 
the closed-loop bright dot. First half: no ventral optic flow shown. Second half: ventral optic flow simulating 
forward travel presented in open loop. Grey regions in bottom trace indicate the 90° part of the visual arena that 
contains no LEDs. Time points t1 and t2 in d are the same as in this panel. f, Probability distributions of the 
difference between the EPG phase and the bright dot angular position, with and without optic flow. Single fly 
distributions: light gray. Mean: black.  g, Same as f, but plotting the difference between the EPG and PFR phases. 
h, Top, EPG (blue) and PFR (purple) GCaMP7f signal in the context of a tethered, flying fly experiencing optic-
flow that with foci of expansion that simulate the following directions of travel: 180˚ (backward), -120˚, -60˚, 0˚ 
(forward), 60˚, 120˚, 180˚ (backward; repeated data). Middle, EPG and PFR phases for the above GCaMP7f 
signal. Bottom, Mean (circular) phase difference between EPGs and PFRs. Single fly means: light gray. 
Population mean: black. Dotted rectangle indicates a repeated-data column. i, Phase difference between EPG and 
PFR bolus positions as a function of the optic flow direction (i.e., the egocentric traveling direction). Circular 
means were calculated in the last 2.5 s optic flow presentation. Gray: individual fly (circular) means. Black: 
population (circular) mean and s.e.m. Dotted rectangle indicates a repeated-data column. j, PFR phase as a 
function of the presumed allocentric traveling direction, calculated by assuming that the EPG phase indicates 
allocentric heading direction and adding to this angle, at every sample point, the optic-flow angle. Same data in h-
j. Gray: individual fly means. Black: population mean. (Notice flipped x-axis, which indicates that the PFR bolus 
position indicates inverse of the fly's traveling direction in the reference frame used.) 

  

camera

closed-loop
bright dot

open-loop
optic flow

h�B

Tallo



 
 

Figure 1 | PFR neurons signal Drosophila’s allocentric traveling direction as differentiated from the 
allocentric heading signal in EPG neurons. a, Drosophila brain and central complex. b, Two example EPG 
cells and two example PFR cells show how an EPG bolus at the top of the ellipsoid body co-aligns, via 
projections to the protocerebral bridge, with a PFR bolus in the center of the fan-shaped body. c, Tethered, flying 
fly setup. d, Sample GCaMP7f frames of the EPG bolus in the ellipsoid body and the PFR bolus in the fan-shaped 
body. e, Sample time series of simultaneously imaged EPG and PFR boluses in a tethered, flying fly. Top two 
traces show the [Ca2+] signal and bottom trace shows the phase estimates of the two boluses and the location of 
the closed-loop bright dot. First half: no ventral optic flow shown. Second half: ventral optic flow simulating 
forward travel presented in open loop. Grey regions in bottom trace indicate the 90° part of the visual arena that 
contains no LEDs. Time points t1 and t2 in d are the same as in this panel. f, Probability distributions of the 
difference between the EPG phase and the bright dot angular position, with and without optic flow. Single fly 
distributions: light gray. Mean: black.  g, Same as f, but plotting the difference between the EPG and PFR phases. 
h, Top, EPG (blue) and PFR (purple) GCaMP7f signal in the context of a tethered, flying fly experiencing optic-
flow that with foci of expansion that simulate the following directions of travel: 180˚ (backward), -120˚, -60˚, 0˚ 
(forward), 60˚, 120˚, 180˚ (backward; repeated data). Middle, EPG and PFR phases for the above GCaMP7f 
signal. Bottom, Mean (circular) phase difference between EPGs and PFRs. Single fly means: light gray. 
Population mean: black. Dotted rectangle indicates a repeated-data column. i, Phase difference between EPG and 
PFR bolus positions as a function of the optic flow direction (i.e., the egocentric traveling direction). Circular 
means were calculated in the last 2.5 s optic flow presentation. Gray: individual fly (circular) means. Black: 
population (circular) mean and s.e.m. Dotted rectangle indicates a repeated-data column. j, PFR phase as a 
function of the presumed allocentric traveling direction, calculated by assuming that the EPG phase indicates 
allocentric heading direction and adding to this angle, at every sample point, the optic-flow angle. Same data in h-
j. Gray: individual fly means. Black: population mean. (Notice flipped x-axis, which indicates that the PFR bolus 
position indicates inverse of the fly's traveling direction in the reference frame used.) 
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 501 

Figure 4 | An model of how a vector computation builds the traveling-direction signal in h∆B cells. a, 502 
When a fly travels forward, both PFNd sinusoids have large amplitude and both PFNv sinusoids have small 503 
amplitude, leading the sum of the four PFN vectors, i.e., the h∆B (red) vector, to point forward, or in the 504 
heading direction (dashed blue EPG vector). b, When a fly travels backward, both PFNd sinusoids have small 505 
amplitude and both PFNv sinusoids have large amplitude, leading the sum, i.e., the h∆B (red) vector, to point 506 
backward, or opposite the heading direction. c, When a fly travels rightward, the right-bridge PFNd sinusoid 507 
and the left-bridge PFNv sinusoid have larger amplitude than their counterparts on the opposite side of the 508 
bridge, leading the sum, i.e., the h∆B (red) vector, to point rightward. d, Same as panel a––fly moving 509 
forward––but after the fly has turned clockwise by 90˚, which rotates all the vectors (i.e., the reference frame) 510 
by 90˚ because both the PFNd and PFNv sinusoidal activity patterns have phases that are yoked to the EPG 511 
bump, whose phase rotates with the fly. e, There is a good correspondence between the measured deviation of 512 
the h∆B phase from the EPG phase (as a function of the optic-flow direction presented) in Figure 1h (black 513 
bars) and the deviation predicted by two versions of the model with no free parameters (diamonds and circles). 514 
See Main Text and Methods for details.  515 
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