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Abstract

A central function of continuous attractor networks is encoding coordinates and accurately
updating their values through path integration. To do so, these networks produce localized
bumps of activity that move coherently in response to velocity inputs. In the brain, continu-
ous attractors are believed to underlie grid cells and head direction cells, which maintain
periodic representations of position and orientation, respectively. These representations
can be achieved with any number of activity bumps, and the consequences of having more
or fewer bumps are unclear. We address this knowledge gap by constructing 1D ring
attractor networks with different bump numbers and characterizing their responses to three
types of noise: fluctuating inputs, spiking noise, and deviations in connectivity away from
ideal attractor configurations. Across all three types, networks with more bumps experience
less noise-driven deviations in bump motion. This translates to more robust encodings of lin-
ear coordinates, like position, assuming that each neuron represents a fixed length no mat-
ter the bump number. Alternatively, we consider encoding a circular coordinate, like
orientation, such that the network distance between adjacent bumps always maps onto 360
degrees. Under this mapping, bump number does not significantly affect the amount of error
in the coordinate readout. Our simulation results are intuitively explained and quantitatively
matched by a unified theory for path integration and noise in multi-bump networks. Thus, to
suppress the effects of biologically relevant noise, continuous attractor networks can employ
more bumps when encoding linear coordinates; this advantage disappears when encoding
circular coordinates. Our findings provide motivation for multiple bumps in the mammalian
grid network.

Author summary

Our brains maintain an internal sense of location and direction so we can, for example,
find our way to the door if the lights go off. A class of neural circuits called continuous
attractor networks is believed to be responsible for this ability. These circuits must be
resilient against the myriad forms of imperfections and random fluctuations present in
the brain, which can degrade the accuracy of their encoded information. We have
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discovered a new way in which continuous attractor networks can improve their robust-
ness to noise: they should distribute their activity among multiple regions in the network,
called bumps, instead of concentrating it in a single bump. Bump number is a fundamen-
tal feature of continuous attractor networks, but its connection to error suppression has
never been appreciated. A recent experiment in rodents suggests that one such network
indeed contains multiple regions of activity; our finding provides motivation for why such
a configuration may have been evolved.

Introduction

Continuous attractor networks (CANSs) sustain a set of activity patterns that can be smoothly
morphed from one to another along a low-dimensional manifold [1-3]. Network activity is
typically localized into attractor bumps, whose positions along the manifold can represent the
value of a continuous variable. These positions can be set by external stimuli, and their persis-
tence serves as a memory of the stimulus value. Certain CAN architectures are also capable of
a feature called path integration. Instead of receiving the stimulus value directly, the network
receives its changes and integrates over them by synchronously moving the attractor bump
[4-6]. Path integration allows systems to estimate an external state based on internally per-
ceived changes, which is useful in the absence of ground truth.

Path-integrating CANs have been proposed as a mechanism through which brains encode
various physical coordinates. Head direction cells in mammals and compass neurons in insects
encode spatial orientation by preferentially firing when the animal faces a particular direction
relative to landmarks (Fig 1A, top; Refs [7] and [8]). They achieve this as members of 1D
CANs whose attractor manifolds have ring topologies [9, 10]. For the case of compass neurons,

orientation

or

—
position iy N o e Ny e

Cc

one-bump
network

or

two-bump
network

Fig 1. Continuous attractor networks with any number of bumps can produce head direction cells and grid cells. (A) Desired tuning curves of
a head direction cell and a 1D grid cell. (B) Orientation and position coordinates whose changes drive bump motion. (C) One- and two-bump ring
attractor networks. Each black neuron produces the desired tuning curves in A. In the two-bump network, the coupling to coordinate changes is
half as strong, and the second bump is labeled for clarity.

https://doi.org/10.1371/journal.pcbi.1010547.9001
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aring structure also exists anatomically, and its demonstration of continuous attractor dynam-
ics is well-established [8, 11-13]. Grid cells in mammals encode position by preferentially fir-
ing at locations that form a triangular lattice in 2D space (1D analogue in Fig 1A, bottom; Ref
[14]). They are thought to form a 2D CAN with toroidal topology [15-18], and mounting
experimental evidence supports this theory [19-22]. The ability for head direction cells, com-
pass neurons, and grid cells to maintain their tunings in darkness without external cues dem-
onstrates that these CAN’s can path integrate [8, 14, 23].

CANSs also appear in studies of other brain regions and neural populations. Signatures of
continuous attractor dynamics have been detected in the prefrontal cortex during spatial
working memory tasks [24-26]. Theorists have further invoked CANS to explain place cells
[27, 28], hippocampal view cells [29], eye tracking [4, 6], visual orientation tuning [30, 31], and
perceptual decision making [32, 33]. Thus, CANs are a crucial circuit motif throughout the
brain, and better understanding their performance would provide meaningful insights into
neural computation.

One factor that strongly affects the performance of CANSs in path integration is biological
noise. To accurately represent physical coordinates, attractor bumps must move in precise syn-
chrony with the animal’s trajectory. Hence, the bump velocity must remain proportional to
the driving input that represents coordinate changes [18]. Different sources of noise produce
different types of deviations from this exact relationship, all of which lead to path integration
errors. While noisy path-integrating CANs have been previously studied [10, 18, 34, 35], these
works did not investigate of role of bump number. CANs with different connectivities can pro-
duce different numbers of attractor bumps, which are equally spaced throughout the network
and perform path integration by moving in unison [16, 18, 36]. Two networks with different
bump numbers have the same representational capability (Fig 1). They can share the same
attractor manifold and produce neurons with identical tuning curves, as long as the coupling
strength between bump motion and driving input scales appropriately. The computational
advantages of having more or fewer bumps are unknown.

Our aim is to elucidate the relationship between bump number and robustness to noise.
We first develop a rigorous theoretical framework for studying 1D CANSs that path integrate
and contain multiple bumps. Our theory predicts the number, shape, and speed of bumps. We
then introduce three forms of noise. The first is Gaussian noise added to the total synaptic
input, which can represent fluctuations in a broad range of cellular processes occurring at
short timescales. The second is Poisson spiking noise. The third is noise in synaptic connectiv-
ity strengths; the ability for bumps to respond readily to driving inputs is generally conferred
by a precise network architecture. We add Gaussian noise to the ideal connectivity and evalu-
ate path integration in this setting. The first two forms of noise are independent over time and
neurons, in contrast to the third. We find that networks with more bumps can better resist all
three forms of noise under certain encoding assumptions. These observations are explained by
our theoretical framework with simple scaling arguments. The following Results section pres-
ents all simulation findings and major theoretical conclusions; complete theoretical deriva-
tions are found in the Theoretical model section.

Results
Bump formation in a ring attractor network

We study a 1D ring attractor network that extends the model of Ref [37] to allow for multiple
attractor bumps. It contains two neural populations a € {L, R} at each network position x,
with N neurons in each population (Fig 2A). Each neuron is described by its total synaptic
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Fig 2. Bump formation in a ring attractor network. (A) Network schematic with populations L and R and locally inhibitory connectivity W. (B and C)
Networks with 200 neurons and 3 bumps. (B) Connectivity weights for a neuron at the origin. The inhibition distance is / = 29 and the connectivity shift is &
= 2. (C) Steady-state synaptic inputs. Curves for both populations lie over each other. With a ReLU activation function, the firing rates follow the solid
portions of the colored lines and are 0 over the dashed portions. The bump distance is A = 200/3. Thick gray line indicates Eq 4. (D and E) Networks with 500
neurons. (D) More bumps and shorter bump distances are produced by smaller inhibition distances. Points indicate data from 10 replicate simulations. Line
indicates Eq 5. (E) The inhibition distance [ = 55 corresponds to the black point in D with A = 125 and M = 4. These values also minimize the Lyapunov
functional (Eq 6), which varies smoothly across A for infinite networks (line) and takes discrete values for finite networks (points). (F) The scaled bump
shape remains invariant across network sizes and bump numbers, accomplished by rescaling connectivity strengths according to Eq 7. Curves for different

parameters lie over one another.

https://doi.org/10.1371/journal.pcbi.1010547.9002

input g that obeys the following dynamics:

dg, (x, 1)
T 7dt +

e =% / dy W, (x, )5, ) + A, 75() + ,(x, ),
p

(1)

where *; means — and  means +. Aside from spiking simulations, firing rates s are given by

Sa(x7 t) = ¢[ga<(x7 t)]a

(2)

where ¢ is a nonlinear activation function. For all simulations in this Results section, we take ¢
to be the rectified linear unit (ReLU) activation function (Eq 35). Our theoretical formulas for
diffusion coefficients and velocities in this section also assume a ReLU ¢. In S1 Text, we con-
sider a logistic ¢ instead and find that all major conclusions are preserved (Fig A in S1 Text),
and in the Theoretical methods section, we derive most expressions for general ¢. W is the syn-
aptic connectivity and only depends on the presynaptic population . It obeys a standard con-
tinuous attractor architecture based on local inhibition that is strongest at an inhibition
distance I. Each population has its synaptic outputs shifted by a small distance £ < Iin opposite
directions. We use the connectivity profile described in Fig 2B and Eq 38 for all simulations,
but all theoretical expressions in this Results section are valid for any W. A is the resting input
to all neurons. The driving input, or drive, b is proportional to changes in the coordinate
encoded by the network; for the physical coordinates in Fig 1B, it represents the animal’s
velocity obtained from self-motion cues. In our results, b is constant in time. It is coupled to
the network with strength y. We will consider various forms of noise (. Finally, 7 is the neural

time constant.
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With no drive b = 0 and no noise { = 0, the network dynamics in Eqs 1 and 2 can be simpli-
fied to

;¥$0+g@g:z/}ywu—ﬁ¢m%m+A, ©

where 2W(x — y) = £5 Wp(x, y) and the synaptic inputs g are equal between the two popula-
tions. This baseline equation evolves towards a periodic steady-state g with approximate form
(see also Ref [38]).

2n(x — x,)

o +d (4)

g(x) =a cos

Expressions for a and d are given in the Theoretical model section (Eq 60). The firing rates
s(x) = ¢[g(x)] exhibit attractor bumps with periodicity A, a free parameter that we call the
bump distance (Fig 2C). x, is the arbitrary position of one of the bumps. It parameterizes the
attractor manifold with each value corresponding to a different attractor state up to A.

The bump number M = N/A is determined through A. It can be predicted by the fastest-
growing mode in a linearized version of the dynamics (Eq 43; Refs [39] and [40]). The mode
with wavenumber g and corresponding wavelength 271/g grows at rate (2W (q) — 1) /1, where
W (q) is the Fourier transform of W(x). Thus,

2n ~
= argmaxW (q). (5)
q

Fig 2D shows that simulations follow the predicted A and M over various inhibition dis-
tances I. Occasionally for small ], a different mode with a slightly different wavelength will
grow quickly enough to dominate the network. A periodic network enforces an integer bump
number, which discretizes the allowable wavelengths and prevents changes in A and M once
they are established. In an aperiodic or infinite system, the wavelength can smoothly vary from
an initial value to a preferred length over the course of a simulation [18, 41]. To determine this
preferred A theoretically, we notice that the nonlinear dynamics in Eq 3 obey the Lyapunov
functional

L= [[aawe-ysesor+ [a [ o4 o ©

In the Theoretical model section, we find for ReLU ¢ that L is minimized when q = 27/A
maximizes W (q) (Eq 66). This is the same condition as for the fastest-growing mode in Eq 5
(Fig 2E). In other words, the wavelength A most likely to be established in a periodic network
is the preferred bump distance in an aperiodic or infinite system, up to a difference of one
fewer or extra bump due to discretization.

We now understand how to produce different bump numbers M in networks of different
sizes N by adjusting the inhibition distance I. To compare networks across different values of
M and N, we scale the connectivity strength W according to

W) o 3y @

This keeps the total connectivity strength per neuron [dxWj(x, y) constant over M and N.
In doing so, the shape of each attractor bump as a function of scaled network position x/A
remains invariant (Fig 2F). Thus, Eq 7 removes additional variations in bump shape and helps
to isolate our comparisons across M and N to those variables themselves. In S1 Text, we
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consider the alternative without this scaling and find that many major results are preserved

(Fig B in S1 Text).

Bump dynamics: Path integration and diffusion

The drive b produces coherent bump motion by creating an imbalance between the two neural
populations. A positive b increases input to the R population and decreases input to the L pop-
ulation (Fig 3A). Because the synaptic outputs of the former are shifted to the right, the bump
moves in that direction. Similarly, a negative b produces leftward bump motion. The bump
velocity vq,ive can be calculated in terms of the baseline firing rates s(x) obtained without drive

and noise (see also Refs [37] and [42]):

s
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Fig 3. Dynamics in a ring attractor network. (A-C) Networks with 200 neurons and 3 bumps. (A) Synaptic inputs for populations L and R under
drive b = 2. Snapshots taken at 150 ms intervals demonstrate rightward motion. (B) Bump velocity is proportional to drive. The connectivity shift is
& =2.(C) Bump velocity is largely proportional to connectivity shift. The drive is b = 0.5. (D-H) Networks with synaptic input noise. (D) Bump
displacements for 48 replicate simulations demonstrating diffusion with respect to coherent motion. Networks with 200 neurons and 1 bump. (E
and F) Mean bump velocity is proportional to drive and remains largely independent of network size, bump number, and noise magnitude. (G and
H) Bump diffusion coefficient scales quadratically with noise magnitude, remains largely independent of drive, and varies with network size and
bump number. The noise magnitude is 0 = 0.5 in D, E, and G, and the drive is b = 0.5 in D, F, and H. Values for both bumps in two-bump networks
lie over each other. Points indicate data from 48 replicate simulations and bars indicate bootstrapped standard deviations. Dotted gray lines indicate

Egs 8 and 10.
https://doi.org/10.1371/journal.pcbi.1010547.g003
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As a note, these integrals, as well as subsequent ones, do not include the singular points at
the edges of attractor bumps. Eq 8 states that bump velocity is proportional to drive b and con-
nectivity shift £, which is reflected in our simulations, with some deviation at larger £ (Fig 3B
and 3C). The strict proportionality between v and b is crucial because it implies faithful path
integration [18]. If b(t) represents coordinate changes (such as angular or linear velocity in Fig
1B), then the bump position 6(t) will accurately track the coordinate itself (orientation or
position).

In contrast to drive, uncorrelated noise { produces bump diffusion. To illustrate this effect,
we introduce one form of { that we call synaptic input noise. Suppose { is independently sam-
pled for each neuron at each simulation timestep from a Gaussian distribution with mean 0
and variance ¢”. Loosely, it can arise from applying the central limit theorem to the multitude
of noisy synaptic and cellular processes occurring at short timescales. Then,

(G t) =0, (x40, 1) = a*Atd(t — £)0,,0(x — y), (9)

where the timestep At sets the resampling rate of {, and angle brackets indicate averaging over
an ensemble of replicate simulations. Input noise causes bumps to diffuse away from the
coherent driven motion (Fig 3D). The mean velocity (v) remains proportional to drive b,
which means that the network still path integrates on average (Fig 3E). Since (v) is largely
independent of noise magnitude ¢, and the bump diffusion coefficient D is largely independent
of b, drive and input noise do not significantly interact within the explored parameter range
(Fig 3F and 3G). D can be calculated in terms of the baseline firing rates (see also Refs [35] and

[43]):

b - a’At
input — . 1 \2° 10
= [ox() "
dx

The quadratic dependence of D on ¢ is confirmed by simulation (Fig 3H).

We now turn our attention to bump number M and network size N. The mean bump veloc-
ity (v) is independent of these parameters (Fig 3E and 3F), which can be understood theoreti-
cally. Bump shapes across M and N are simple rescalings of one another (Fig 2F), so
derivatives of s with respect to x are simply proportional to M (more bumps imply faster
changes) and inversely proportional to N (larger networks imply slower changes). Similarly,
integrals of expressions containing s over x are simply proportional to N. In summary,

ds M d’s M2
= o= o . 11
& N’ e SN /deCN (1)

Applying these scalings to Eq 8, we indeed expect vgyive to be independent of M and N. In
contrast, Fig 3G and 3H reveal that the diffusion coefficient D varies with these parameters.
When a one-bump network is increased in size from 200 to 400 neurons, D increases as well,
which implies greater path integration errors. This undesired effect can be counteracted by
increasing the bump number from 1 to 2, which lowers D below that of the one-bump network
with 200 neurons. These initial results suggest that bump number and network size are impor-
tant factors in determining a CAN’s resilience to noise. We will explore this idea in greater
detail.
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Mapping network coordinates onto physical coordinates

Before further comparing networks with different bump numbers M and sizes N, we should
scrutinize the relationship between bump motion and the physical coordinate encoded by the
network. After all, the latter is typically more important in biological settings. First, we con-
sider the trivial case in which each neuron represents a fixed physical interval across all M and
N; this is equivalent to using network coordinates without a physical mapping (Fig 4A). It is
suited for encoding linear variables like position that lack intrinsic periodicity, so larger net-
works can encode wider coordinate ranges. However, with more bumps or fewer neurons, the
range over which the network can uniquely encode different coordinates is shortened. We
assume that ambiguity among coordinates encoded by each bump can be resolved by addi-
tional cues, such as local features, that identify the true value among the possibilities [44-46];
this process will be examined in detail below. We leave quantities with dimensions of network
distance in natural units of neurons.

Multi-bump networks are intrinsically periodic, especially those with a ring architecture. A
natural way for them to encode a circular coordinate like orientation would be to match net-
work and physical periodicities. For example, the bump distance may always represent
360°across different M and N so that neurons always exhibit unimodal tuning (Fig 4B). This
relationship implies that quantities with dimensions of network distance should be multiplied
by powers of the conversion factor

360° - M 7 (12)

N
which converts units of neurons to degrees. In other words, circular mapping implies normal-
izing network distances by the bump distance A = N/M.

For circular mapping, we must also ensure that networks with different bump numbers M
and sizes N path integrate consistently with one another. The same drive b should produce the
same bump velocity v in units of degree/s. To do so, we rescale the coupling strength y only
under circular mapping:

N
X —. 13
kY (13)
A Jinear coordinates: 1 neuron < 1 cm B circular coordinates: 1 bump < 360°
neur'on 1 neur(;n 300 neur'on 1 neurdn 300
—

0cm 300 cm 0° 360°
neurron 1 - neurc;n 400 neurron 1 neurc;n 200 neurc;n 400

0cm ~ 400 cm 0° 360° 720°

Fig 4. Possible mappings between network coordinates and two types of physical coordinates. (A) In networks
encoding linear coordinates such as position, one neuron always represents a fixed physical interval. This mapping is
trivial and identical to using network coordinates. (B) In networks encoding circular coordinates such as orientation, the
bump distance always represents 360°.

https://doi.org/10.1371/journal.pchi.1010547.9004
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This effectively compensates for the factor of M/N in Eq 12. To see this explicitly, recall
that v4,ive does not depend on M and N in units of neuron/s, as shown in Fig 3E and 3F and
previously explained through scaling arguments. Under circular mapping, v4yive would be
multiplied by one power of the conversion factor in Eq 12. Since its formula contains y in
the numerator (Eq 8), v4rive receives an additional power of the rescaling factor in Eq 13.
The two factors cancel each other, so v4,;y. does not depend on M and N under either
mapping:

Varve ¢ 1 linear, Ve X 1 circular. (14)

Thus, a consistent relationship between b and 4,4y, is preserved in units of both neurons/s
and degrees/s.

Of course, there are other possible mappings between network and physical coordinates
across bump numbers and network sizes. For example, intermediate scalings can be achieved
with the conversion factor (M/N)¥ for 0 < u < 1 instead of Eq 12, with the corresponding y
(N/M)* instead of Eq 13. But for the rest of our paper, we will consider the linear and circular
cases, which correspond to y = 0 and y = 1, respectively. To be clear, networks with the same
ring architecture are used for both mappings. We will see how noise affects encoding quality
in either case.

More bumps improve robustness to input and spiking noise under linear
mapping
We now revisit the effect of input noise on bump diffusion, as initially explored in Fig 3D-3H.
We measure how the diffusion coefficient D varies with bump number M and network size N
under linear and circular mappings. Under linear mapping, D decreases as a function of M but
increases as a function of N (Fig 5A and 5B). Thus, more bumps attenuate diffusion produced
by input noise, which is especially prominent in large networks. However, for circular coordi-
nates, D remains largely constant with respect to M and decreases with respect to N (Fig 5A
and 5B). Increasing the number of bumps provides no benefit. These results can be understood
through Eqs 10, 11 and 12, which predict

D

N 1
o« — linear, D, . N circular. (15)

input M2 input

Two powers of the conversion factor in Eq 12 account for the differences between the two
mappings.

Next, we investigate networks with spiking noise instead of input noise. To do so, we
replace the deterministic formula for firing rate in Eq 2 with

5.(x,) = C“(X; ) (16)

Here, s is a stochastic, instantaneous firing rate given by the number of spikes c emitted in a
simulation timestep divided by the timestep duration At. We take the ¢’s to be independent
Poisson random variables driven by the deterministic firing rate:

¢,(x,t) ~ Pois[o]g, (x, )]At]. (17)

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1010547  October 10, 2022 9/38


https://doi.org/10.1371/journal.pcbi.1010547

PLOS COMPUTATIONAL BIOLOGY Multiple attractor bumps can enhance robustness to noise

A 15 -e-linear | 5 B
Q_ -&-circular Q 4 20
) o L3 'S
g(\z 104 theory 2 §N‘\: 2
c 9 10 a c 9 L10 C-l;
S > @ S S 24 ®
» @ 54 P B 2 P
S S K2 S S 2,
£ £
© ©
0+ 0 0+ 0
i 2 3 4 5 200 400 600 800 1000
bump number M network size N
¢ Q 400 DQ 600
R — . — 100 —
5.2 0T 5@ g
8% & 8 400 &
£ £ 200 oo 8, €5 s0- oo O
% 2 > 2 200 -*
3 — — 5 — —_—
E =
S 0- Lo S 0- Lo
i 2 3 4 5 200 400 600 800 1000
bump number M network size N

Fig 5. Bump diffusion due to input and spiking noise. (A, B) Networks with synaptic input noise of magnitude o =
0.5 and drive b = 0.5. Dotted gray lines indicate Eq 10. (A) Diffusion decreases with bump number under linear
mapping and remains largely constant under circular mapping. Networks with 600 neurons. (B) Diffusion increases
with network size under linear mapping and decreases under circular mapping. Networks with 3 bumps. (C and D)
Same as A and B, but for networks with Poisson spiking noise instead of input noise. Dotted gray lines indicate Eq 20.
Points indicate data from 48 replicate simulations and bars indicate bootstrapped standard deviations.

https://doi.org/10.1371/journal.pchi.1010547.9005

As fully explained in the Theoretical model section (Eq 99), we can approximate this spik-
ing process by the rate-based dynamics in Eqs 1 and 2 with the noise term

Lt =3 [ a8 .0, (19
7

The n’s are independent random variables with zero mean and unit variance:

(n,(x, 1)) =0, {n,(x, O)mp(y, 1)) = At o(t = £)0,,0(x — ). (19)

As for Eq 9, the simulation timestep At sets the rate at which 7 is resampled. This spiking
noise produces bump diffusion with coefficient (see also Ref [43])

()
| w(g)

As before, s is the baseline firing rate configuration without noise and drive. Through the
relationships in Eqs 11 and 12, Dypji scales with M and N in the same way as D;, ¢ does:

(20)

1
D o — circular. (21)

linear, D N

spike X ﬁ
These findings are presented in Fig 5C and 5D along with simulation results that confirm
our theory. Spiking noise behaves similarly to input noise. Increasing bump number improves
robustness to noise under linear mapping but has almost no effect under circular mapping.
Bump diffusion in larger networks is exacerbated under linear mapping but suppressed under
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circular mapping. For both input noise and spiking noise, the conversion factor in Eq 12 pro-
duces the differences between the two mappings. Coupling strength rescaling in Eq 13 does
not play a role because y does not appear in Eqs 10 and 20. In S1 Text, we consider splitting a
large network with many bumps into smaller networks, each with fewer bumps; the intact net-
work and the combined readout of the split networks exhibit similar diffusion properties.

To evaluate noise robustness in a complementary way, we perform mutual information
analysis of networks with input noise. Mutual information describes how knowledge of one
random variable can reduce the uncertainty in another, and it serves as a general metric for
encoding quality. Before proceeding, we mention a related quantity called Fisher information,
which is directly related to mutual information [47, 48] and inversely related to bump diffu-
sion in CANGs [43]. Thus, we expect that networks with less diffusion in Fig 5 should generally
contain more mutual information about their encoded coordinate. Fisher information also
permits a more intuitive explanation for our diffusion scalings. It is proportional to network
size N [43], because monitoring a larger number of noisy neurons tells us more about the
encoded coordinate. Otherwise, it only depends on the tuning curves of neurons within the
network; in particular, steeper tuning curves convey quadratically more information [43]. For
our networks, across M and N, linear tuning curves are simple rescalings of each other with
derivative inversely proportional to A = N/M, while circular tuning curves remain unimodal
and identical (Figs 2F and 4). Thus, Fisher information should be proportional to N - (M/N)?
and N for linear and circular coordinates, respectively. Applying the inverse proportionality
between Fisher information and diffusion coefficients discovered by Ref [43], we arrive at Eqs
15 and 21.

Using simulations, we investigate the mutual information I between the physical coordinate
encoded by the noisy network, represented by the random variable U with discretized sample
space U, and the activity of a single neuron, represented by the random variable S with discre-
tized sample space S (see Simulation methods):

115:U] = SZMp<s|u>p<u>log"%. (22)

We then average I across neurons. Larger mean mutual information implies more precise
coordinate encoding and greater robustness to noise. Note that the joint activities of all the
neurons confer much more coordinate information than single-neuron activities do, but since
estimating high-dimensional probability distributions over the former is computationally very
costly, we use the latter as a metric for network performance.

The physical coordinate U is either position or orientation and obeys the mappings
described in Fig 4 across bump numbers M and network sizes N. To obtain the probability dis-
tributions in Eq 22 required to compute I, we initialize multiple replicate simulations at evenly
spaced coordinate values u (Fig 6A). We do not apply a driving input, so the networks should
still encode their initialized coordinates at the end of the simulation. However, they contain
input noise that degrades their encoding. Collecting the final firing rates produces p(s|u) for
each neuron. For both position and orientation, we consider narrow and wide coordinate
ranges to assess network performance in both regimes.

We first consider narrow coordinate ranges. For linear coordinates, information increases
as a function of M but decreases as a function of N; for circular coordinates, it does not
strongly depend on M and increases as a function of N (Fig 6B and 6C). These results exactly
corroborate those in Fig 5A and 5B obtained for bump diffusion, since we expect information
and diffusion to be inversely related.
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Fig 6. Mutual information between neural activity and physical coordinates with input noise of magnitude ¢ = 0.5. (A) To
compute mutual information, we initialize replicate simulations without input drive at different coordinate values (thick black
lines) and record the final neural activities (thin colored lines). The physical coordinate can be linear or circular and its range
can be narrow or wide; here, we illustrate two possibilities for networks with 600 neurons and 3 bumps. (B and C) Mutual
information between physical coordinate and single-neuron activity under narrow coordinate ranges. (B) Information increases
with bump number for linear coordinates and remains largely constant for circular coordinates. Networks with 600 neurons. (C)
Information decreases with network size for linear coordinates and increases for circular coordinates. Networks with 3 bumps.
(D and E) Mutual information between physical coordinate and single-neuron activity under wide coordinate ranges. The
trends in B and C are preserved for circular coordinates. They are also preserved for linear coordinates, except for the shaded
regions in which the coordinate range exceeds the bump distance. (F) Coarse local cues are active over different quadrants of the
wide coordinate ranges. (G and H) Mutual information between physical coordinate and the joint activities of a single neuron
with the four cues in F under wide coordinate ranges. The trends in B and C are preserved for both linear and circular
coordinates. Points indicate data from 96 replicate simulations at each coordinate value averaged over neurons and bars indicate
bootstrapped standard errors of the mean. Cue icons adapted from Streamline Freemoji (CC BY license, https://www.
streamlinehq.com/emojis/freebies-freemojis).

https://doi.org/10.1371/journal.pchi.1010547.9g006
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We next consider wide coordinate ranges. Our ring networks can only uniquely represent
coordinate ranges up to their bump distances (converted to physical distances by Fig 4).
Beyond these values, two physical coordinates separated by the converted bump distance can-
not be distinguished by the network. Our mutual information analysis captures this phenome-
non; for linear coordinates, the increase in information with larger M or smaller N as observed
in Fig 6B and 6C disappears once the converted bump distance drops below the physical range
of 200 cm (green shaded regions of Fig 6D and 6E). In this regime, the benefits of more bumps
and smaller networks toward decreasing diffusion are counteracted by bump ambiguity. In
contrast, the circular mapping in Fig 4 lacks bump ambiguity since the bump distance is always
converted to the maximum physical range of 360°, so the same qualitative trends in mutual
information are observed for any coordinate range (Fig 6D and 6E).

For linear coordinates with wide ranges, the advantages of increasing bump number can be
restored by coarse local cues. We illustrate this process by introducing four cues, each of which
is active over a different quadrant and is otherwise inactive (Fig 6F). They can be conceptual-
ized as two-state sensory neurons or neural populations that fire in the presence of a local stim-
ulus. By themselves, the cues do not encode precise coordinate values. Mutual information
computed with the joint activity of each neuron with these cues recovers the behavior observed
for narrow ranges across all M and N (Fig 6G and 6H). Ring attractor neurons provide infor-
mation beyond the 2 bits conveyed by the cues alone, and for position, this additional informa-
tion increases with more bumps and fewer neurons without saturating.

In summary, our conclusions about robustness to input noise obtained by diffusion analysis
are also supported by mutual information analysis. Moreover, the latter explicitly reveals how
networks encoding wide, linear coordinate ranges can leverage coarse local cues to address
ambiguities and preserve the advantages of multiple bumps. In S1 Text, we calculate mutual
information for a few additional regimes (Fig C of S1 Text; see also Refs [49] and [50], which
investigated the Fisher information conveyed by multi-bump tuning curves).

More bumps improve robustness to connectivity noise under linear
mapping

Another source of noise in biological CANSs is inhomogeneity in the connectivity W. Perfect
continuous attractor dynamics requires W to be invariant to translations along the network [9,
10, 16, 18, 28], a concept related to Goldstone’s theorem in physics [51, 52]. We consider the
effect of replacing W — W + V, where V is a noisy connectivity matrix whose entries are inde-
pendently drawn from a zero-mean Gaussian distribution. V disrupts the symmetries of W.
This noise is quenched and does not change over the course of the simulation, in contrast to
input and spiking noise, which are independently sampled in time. It contributes a noise term

L) = 3 [ Vs 0. 23)
B

This formula implies that V produces correlated {’s across neurons, which also differs from
input and spiking noise. Because of these distinctions, the dominant effect of connectivity
noise is not diffusion, but drift. V induces bumps to move with velocity v onn(6), even without
drive b:

Z //dxdyvxﬂ(xa)/)wS(y—e)

Ve (0) = =2 . (24)
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The movement is coherent but irregular, as it depends on the bump position 8 (Fig 7A).
Refs [53] and [54] refer to v¢onn(0) as the drift velocity.

Connectivity noise traps bumps at low drive b. We first consider b = 0, so bump motion is
governed solely by drift according to d6/dt = v on,(6). The bump position 6 has stable fixed
points wherever v ,,,(0) crosses 0 with negative slope [53, 54]. Simulations confirm that
bumps drift towards these points (Fig 7B). The introduction of b adds a constant v that
moves the curve in Fig 7A up for positive b or down for negative b:

vtotal(g) = vdrive + chm(e). (25)

If viora1(0) still crosses 0, bumps would still be trapped. The absence of bump motion in
response to coordinate changes encoded by b would be a catastrophic failure of path integra-
tion. To permit bump motion through the entire network, the drive must be strong enough to
eliminate all zero-crossings. Fig 7C shows bump motion at this drive for both directions of
motion. The positive b is just large enough for the bump to pass through the region with the
most negative v.on,(0) in Fig 7A; likewise for negative b and positive v¢on,(0). We call the
larger absolute value of these two drives the escape drive b,. Simulations show that b, decreases
with bump number M and increases with network size N under linear mapping (Fig 7D and
7E). A smaller b, implies weaker trapping, so smaller networks with more bumps are more
resilient against this phenomenon. Under circular mapping, however, b, demonstrates no sig-
nificant dependence on M or N. We can predict by by inverting the relationship in Eq 8
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Fig 7. Bump trapping due to connectivity noise at low drive. (A-C) Networks with 600 neurons, 1 bump, and the same realization of connectivity
noise of magnitude 0.002. (A) Theoretical values for drift velocity as a function of bump position using Eq 24. (B) Bumps drift towards trapped
positions over time. The drive is b = 0. Arrows indicate predictions from v o,,(6) crossing 0 with negative slope in A. Lines indicate simulations with
different starting positions. (C) Bump trajectories with smallest positive and negative drive required to travel through the entire network. Respectively,
b=0.75and b = -0.52. The larger of the two in magnitude is the escape drive by = 0.75. Note that positions with low bump speed exhibit large
velocities in the opposite direction in A. (D and E) Networks with multiple realizations of connectivity noise of magnitude 0.002. (D) Escape drive
decreases with bump number under linear mapping and remains largely constant under circular mapping. Networks with 600 neurons. (E) Escape
drive increases with network size under linear mapping and remains largely constant under circular mapping. Networks with 3 bumps. Points indicate
simulation means over 48 realizations and bars indicate standard deviations. Dotted gray lines indicate Eq 26 averaged over 96 realizations.

https://doi.org/10.1371/journal.pcbi.1010547.9007
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between b and v:

dsY
max(v, ., (0] [ ax (G
0 dx
JER . (26)
Vf/dX@

This theoretical result agrees well with values obtained by simulation (Fig 7D and 7E). In
the Theoretical model section, we present a heuristic argument (Eq 124) that leads to the
observed scaling of escape drive on M and N:

by = —

N
b, x — linear, b, x 1 circular. (27)
M

At high drive |b| > by, attractor bumps are no longer trapped by the drift velocity veonn (6).
Instead, the drift term produces irregularities in the total velocity vor1(6) (Fig 8A). They can
be decomposed into two components: irregularities between directions of motion and irregu-
larities within each direction. Both imply errors in path integration because v and b are not
strictly proportional. To quantify these components, we call |v,(6)| and |v_(6)| the observed
bump speeds under positive and negative b. We define speed difference as the unsigned differ-
ence between mean speeds in either direction, normalized by the overall mean speed:

2|meanly. (6)] — meanly. (0) @8)

d diffe =
speed difference m%an|v+ O m%an\vf Ol

We then define speed variability as the standard deviation of speeds within each direction,
averaged over both directions and normalized by the overall mean speed:

s%d|v+(0)| + s%d|v7(9)|

speed variability = (29)

m%an|v+(0)| + meean|v7(0)| '

Speed difference and speed variability follow the same trends under changes in bump num-
ber M and network size N (Fig 8B-8E). Under linear mapping, they decrease with M and
increase with N. Under circular mapping, they do not significantly depend on M and N. These
are also the same trends exhibited by the escape drive b, (Fig 7D and 7E). In terms of theoreti-
cal quantities, the formulas for speed difference and variability become

2 [meanv,,,,(0)]
speed difference = 0|v | (30)
drive
and
$td Veony (0)
speed variability = | | (31)
Varive

These expressions match the observed values well (Fig 8B-8E). In the Theoretical methods
section, we calculate the observed dependence of speed difference (Eq 113) and variability (Eq
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Fig 8. Bump speed irregularity due to connectivity noise at high drive. (A) Bump speed as a function of bump position with connectivity
noise of magnitude 0.002 and drive b = 1.5. Network with 600 neurons, 1 bump, and the same realization of connectivity noise as in Fig 7A-
7C. Thick gray lines indicate Eq 25. (B-E) Networks with multiple realizations of connectivity noise of magnitude 0.002 and drive b = 1.5. (B)
Speed difference between directions decreases with bump number under linear mapping and remains largely constant under circular
mapping. Networks with 600 neurons. (C) Speed difference increases with network size under linear mapping and remains largely constant
under circular mapping. Networks with 3 bumps. (D and E) Same as B and C, but for speed variability within each direction. Points indicate
simulation means over 48 realizations and bars indicate standard deviations. Dotted gray lines indicate Eqs 30 and 31 averaged over 96
realizations.

https://doi.org/10.1371/journal.pchi.1010547.9g008

120) on M and N:

N
speed difference and variability o — linear,
M (32)

speed difference and variability o< 1 circular.

For all results related to connectivity noise, the coupling strength rescaling in Eq 13 pro-
duces the differences between the two mappings via the y in Eq 8. The conversion factor in Eq
12 does not play a role because escape drive, speed difference, and speed variability do not
have dimensions of network distance.

To summarize, CANs with imperfect connectivity benefit from more attractor bumps when
encoding linear coordinates. This advantage is present at all driving inputs and may be more
crucial for larger networks. On the other hand, connectivity noise has largely the same conse-
quences for networks of all bump numbers and sizes when encoding circular coordinates.

Discussion

We demonstrated how CAN s capable of path integration respond to three types of noise.
Additive synaptic input noise and Poisson spiking noise cause bumps to diffuse away from the
coherent motion responsible for path integration (Figs 3 and 5). This diffusion is accompanied
by a decrease in mutual information between neural activity and encoded coordinate (Fig 6).
Connectivity noise produces a drift velocity field that also impairs path integration by trapping
bumps at low drive and perturbing bump motion at high drive (Figs 7 and 8).

For all three types of noise, CANs with more attractor bumps exhibit less deviation in
bump motion in network units. This is observed across network parameters (Figs A and B in
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S1 Text). Thus, they can more robustly encode linear variables whose mapping inherits net-
work units and does not rescale with bump number (Fig 4A). If grid cell networks were to
encode spatial position in this manner, then multiple attractor bumps would be preferred over
a single bump. Ref [20] reports experimental evidence supporting multi-bump grid networks
obtained by calcium imaging of mouse medial entorhinal cortex. Our work implies that the
evolution of such networks may have been partially encouraged by biological noise. Additional
bumps introduce greater ambiguity among positions encoded by each bump, but this can be
resolved by a rough estimate of position from additional cues, such as local landmarks [44, 55—
57], another grid module with different periodicity [15, 40, 41, 44, 46, 58], or a Bayesian prior
based on recent memory [45]. In this way, grid modules with finer resolution and more
attractor bumps could maintain a precise egocentric encoding of position, while coarser mod-
ules and occasional allocentric cues would identify the true position out of the few possibilities
represented. We explicitly explored one realization of this concept and observed how cues
enable networks to improve their information content by increasing bump number, despite a
concomitant increase in bump ambiguity (Fig 6F-6H).

In contrast, CANs encoding circular variables may rescale under different bump numbers
to match periodicities (Fig 4B), which eliminates any influence of bump number on encoding
accuracy for all three types of noise. If head direction networks were to encode orientation in
this manner, then they would face less selective pressure to evolve beyond the single-bump
configuration observed in Drosophila [8]. Moreover, without the assumption of bump shape
invariance accomplished by Eq 7, robustness to all three types of noise decreases with bump
number, which actively favors single-bump orientation networks (Fig B in S1 Text). Further
experimental characterization of bump number in biological CANSs, perhaps through tech-
niques proposed by Ref [59], would test the degree to which the brain can leverage the theoret-
ical advantages identified in this work.

Under linear mapping, larger CAN's exhibit more errors in path integration from all three
types of noise. The immediate biological implication is that larger brains face a dramatic degra-
dation of CAN performance, accentuating the importance of suppressing error with multi-
bump configurations. However, the simple rule that one neuron always represents a fixed
physical interval does not need to be followed, and larger animals may tolerate greater absolute
errors in path integration because they interact with their environments over larger scales.
Nevertheless, our results highlight the importance of considering network size when studying
the performance of noisy CANs. Under circular mapping, bump diffusion decreases with net-
work size for input and spiking noise, and the magnitude of errors due to connectivity noise is
independent of network size. This implies that head direction networks can benefit from
incorporating more neurons; the observed interactions among such networks across different
mammalian brain regions may act in this manner to suppress noise [60].

The computational advantages of periodic over nonperiodic encodings has been extensively
studied in the context of grid cells [45, 46, 49, 61-64]. Our results extend these findings by
demonstrating that some kinds of periodic encodings can perform better than others. Our
results also contribute to a rich literature on noisy CANSs. Previous studies have investigated
additive input noise [35, 43, 54, 65, 66], multiplicative input noise [67], spiking noise [18, 43,
54, 62, 63, 68], and quenched noise due to connectivity or input inhomogeneities [10, 53, 54,
66, 69]. Among these works, the relationship between bump number and noise has only been
considered in the context of multiple-item working memory, in which a single network can be
dynamically loaded with different numbers of bumps [62, 63, 67, 68]. Interestingly, they find
that robustness to noise decreases with bump number, which is opposite to our results (cf. Ref
[63], which reports no dependence between bump number and encoding accuracy under cer-
tain conditions). It appears that CANs designed for path integration with fixed bump number
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and CANs designed for multiple-item working memory with variable bump number differ
crucially in their responses to noise. Further lines of investigation that compare these two clas-
ses would greatly contribute to our general understanding of CANs.

Beyond our concrete results on CAN performance, our work offers a comprehensive theo-
retical framework for studying path-integrating CANs. We derive a formula for the multi-
bump attractor state and a Lyapunov functional that governs its formation. For a ReLU activa-
tion function, we calculate all key dynamical quantities such as velocities and diffusion coeffi-
cients in terms of firing rates. Our formulas yield scaling relationships that facilitate an
intuitive understanding for their dependence on bump number and network size. Much of
our theoretical development does not assume a specific connectivity matrix or nonlinear acti-
vation function, which allows our results to have wide significance. For example, we expect
them to hold for path-integrating networks that contain excitatory synapses. Other theories
have been developed for bump shape [37, 38, 53, 66, 67, 70], path integration velocity [37, 42],
diffusion coefficients [35, 43, 54, 66, 67, 71], and drift velocity [10, 53, 54]. Our work unifies
these studies through a simple framework that features path integration, multiple bumps, and
a noise term that can represent a wide range of sources. It can be easily extended to include
other components of theoretical or biological significance, such as slowly-varying inputs [27,
66, 72], synaptic plasticity [34, 73], neural oscillations [74-76], and higher-dimensional
attractor manifolds [2, 28].

Theoretical model
Architecture

We investigate CAN dynamics through a 1D ring attractor network. This class of network has
been analyzed in previous theoretical works, and at various points, our calculations will paral-
lel those in Refs [37, 38, 43, 53, 54, 66], and [42].

There are two neurons at each position i =0, . . ., N — 1 with population indexed by a € {L,
R} (Fig 1A). For convenient calculation, we unwrap the ring and connect copies end-to-end,
forming a linear network with continuous positions x € (—oo, 00). Unless otherwise specified,
integrals are performed over the entire range. To map back onto the finite-sized ring network,
we enforce our results to have a periodicity A that divides N. For example, A = N corresponds
to a single-bump configuration. Integrals would then be performed over [0, N), with positions
outside this range corresponding to their equivalents within this range.

The network obeys the following dynamics for synaptic inputs g:

e =3 [ Wm0 a0 L e

where +; means — and +y means +, and the opposite for F,,. 7 is the neural time constant, W is
the synaptic connectivity, and A is the resting input. The nonlinear activation function ¢ con-
verts synaptic inputs to firing rates:

5,(x,1) = Plg, (x, )] (34)

Most of our results will apply to general ¢, but we also consider a ReLU activation function
specifically:

g £>0
¢[g}={ (35)

0 g<o.
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In this section, we will explicitly mention when we specifically consider the ReLU case, and
we will always simplify the function away. Thus, if an expression contains the symbol ¢, then it
holds for general ¢. In the Results section, formulas for Dj,pue Dipikes Vdrive» a1d Veonn(0) as well
as all simulation results invoke Eq 35. We will also use this form in the Bump shape g subsec-
tion of this section. On the other hand, scalings for D;,put Dspikes Varives a0d Veonn(8) in the
Results section will hold for general ¢, as long as the connectivity obeys Eq 7 such that g(x/A)
remains invariant over M and N (Fig 2F). b is the driving input, y is its coupling strength, and
{ is the noise, which can take different forms. yb and { are small compared to the rest of the
right-hand side of Eq 33. For notational convenience, we will often suppress dependence on .

Wp(x, y) obeys a standard continuous attractor architecture based on a symmetric and
translation-invariant W:

Wy(x,y) = W(x —yF; &) where W(—x) = W(x). (36)

Each population 3 deviates from W by a small shift £ < N in synaptic outputs. Thus, the fol-
lowing approximation holds:

D Wylx,y) ~2W(x—y). (37)
B

We will consider the specific form of W (Fig 1B):

I-1 kx—1
cosmi/l= L o [ SR L ok
Wi(x) = 2 = 2 (38)
0 |x| > 21 0 |x| > 2n/k,
where k = 71/l. We will explicitly mention when we specifically consider this form; in fact, we
only do so for Eqs 46, 47, 59 and 60, as well as for our simulation results in the Results section.
Otherwise, each expression holds for general W.

Baseline configuration without drive and noise

Linearized dynamics and bump distance .. First, we consider the case of no drive b =0
and no noise { = 0. The dynamical equation Eq 33 becomes

AL =3 [ ool + (59)

Since the right-hand side no longer depends on ¢, g must be the same for both populations,
and we can use Eq 37 to obtain

dg(x)
T

(x) =2 / dy W(x — y)olg(y)] + A. (40)

We analyze these dynamics using the Fourier transform . Our chosen convention, applied
to the function A, is

() = Flhl(g) = / dxe *h(x)

h(x) = / 1 eiwiy(q
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Fourier modes h(q) represent sinusoids with wavenumber g and corresponding wavelength
2m/q. Applying this transform to Eq 40, we obtain

L 98(q)

a5 T8(9) = 2W(9)Flslgll(q) +2mAd(q). (42)

In this subsection, we consider the case of small deviations, such that g(x) ~ g, and ¢[g(x)] ~
®lgo] + ¢'[0](g(x) — go)- Then, Eq 42 becomes

B | gg) = 26/ lg W (@) () + 204,5(g). (43)

where A, = A + 2W(0)(¢[g,] — ¢'[g,]g,)- The solution to this linearized equation for q # 0 is
§(q.1) = 2(q,0)e"". (44)
Each mode grows exponentially with rate

Hq) = 2¢/ [go]"i’( q) — (45)

so the fastest-growing component of g is the one that maximizes W (q), as stated in Eq 5 of the
Results section. The wavelength 27/g of that component predicts the bump distance A.
For the specific Win Eq 38, its Fourier transform is

- k2 sin 24

W(q) = e qd , (46)
o
2n 21
= Kk sin%? - aremin sin 2my 2281 (47)
argznln =g gw —

A is proportional to /, as also noted by Refs [16, 18, 41], and [40].

Bump shape g. We call the steady-state synaptic inputs ¢ without drive and noise the base-
line configuration. To calculate its shape, we must account for the nonlinearity of the activa-
tion function ¢ and return to Eq 42. We invoke our particular form of ¢ in Eq 35 to calculate
Flolgll(q)- g must be periodic, and its periodicity is the bump distance A with wavenumber
k = 27/h. Without loss of generality, we take g to have a bump centered at 0. Since W is sym-
metric, g is an even function. We define z as the position where g crosses 0:

g(z) =0. (48)

If g is approximately sinusoidal, then g(x) > 0 wherever n\ — z < x < nA + z for any integer
n. The ReLU ¢ in Eq 35 implies

olg(x)] = g(x)®(x) where ®(x) = Z Ox — nh + z]O[—(x — nk — z)]. (49)
O is the Heaviside step function. The Fourier transform for @ is

$(q) = 2sir; qz ;@ —— QSianZ n;a(n _ %) - QKSiI;qZ ;@ 5(qg — nx), (50)
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where the second equality comes from the Fourier series for a Dirac comb. Therefore,

Fiolgle) = - [ adbla— D) =1 D (g - mo), ay

so Eq 42 becomes

CD i) =2 W) Y T (g — me) + 2mA(g). (52)
This equation describes the full dynamics of g with a ReLU activation function. It contains
couplings between all modes g that are multiples of the wavenumber «, which corresponds to
the bump distance.
To find the baseline g, we set dg/dt = 0. We also simplify g(q) by only considering the low-
est modes that couple to each other: g = 0, +x. Due to symmetry, W (—q) = W(q) and

¢(—q) = g(q). Eq 52 gives

W(0)[kzg(0) + 2 sin(xz) (k)] + 2mAS(0)

Qo

(53)

W (x) [sin(rcz) 3(0) + (Kz + Sm;’“) g(K)} .

Now we need to impose Eq 48: g(z) = 0. To do so, we note that g(0) and g(x) are both pro-
portional to §(0) according to Eq 53. That means g(q) has the form

g(q) = G)6(q) + Go(g — k) + Gé(q + x), (54)

where Gy and G are the Fourier modes with delta functions separated. This implies

G, G
g(x) o + oS KX, (55)
and g(z) = 0 implies
G, = —2 cos(kz) G. (56)

Substituting Eqs 54 and 56 into Eq 53, we obtain
G TA

n 2W(0)(sin kz — Kz cos kz) + T cos Kz

. b1
KZ — COSKzSinkz = —

2W (k)

We can solve the second equation of Eq 57 for xz and then substitute it into the first equa-
tion to obtain G. This then gives us g(x), which becomes through Eqs 55 and 56

(57)

gx) = g (cos kx — cos Kz). (58)

In particular, let’s use the W defined by Eq 38 with Fourier transform Eq 46. Then,

- 2 ~ k? 2
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Thus,
G
g(x) = —(coskx — coskz)
T
. -~ 2w kK 21Kk
KZ — COSKzZSINKZ = —T wkE_e smT (60)
G

T

4
- = A/ {TW (sin kz — Kz cos Kz) — cos K2:|.

This provides expressions for a and d in Eq 4 of the Results section, where a = G/m and
d = —(G/n) cos kz.

Lyapunov functional and bump distance L. The dynamical equation in Eq 40 admits a
Lyapunov functional. In analogy to the continuous Hopfield model [77], we can define a Lya-
punov functional in terms of s(x) = ¢[g(x)]:

L= //dxdyW(x )s(x)s(y) + /dx/ dpo! /dxs (61)

The nonlinearity ¢ must be invertible in the range (0, s) for any possible firing rate s. For L
to be bounded from below for a network of any size N, we need

1. W(x) to be negative-definite, and
2. st dp ¢'[p] — As to be bounded from below for any possible firing rate s.

We can check that these hold for our particular functions. Eq 38 immediately shows that
the first condition is met. Eq 35 states that ¢~'[p] = p when p > 0, so

J;dp ¢! [p] — As =15’ — As, which satisfies the second condition.
Now we take the time derivative and use Eq 40:

@ _/dx{Q/dyW(x—y)S(J’) ~ 7' s(x)] +A} o

< Justos
= < [ axoig) ().

As long as ¢ is a monotonically nondecreasing function, dL/d¢ < 0. Thus, L is a Lyapunov
functional.

Now we seek to simplify Eq 61. Suppose we are very close to a steady-state solution, so
dg/dt ~ 0. We substitute Eq 40 into Eq 61 to obtain

:—%/dx[g(x) / /dp¢ /dxs
:—%/dxg( / /dp¢ /dxs

(63)
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Now we invoke our ReLU ¢ from Eq 35 to obtain

L= [ xlgt) —stolste) - 5 [ dxsta) = =5 [ axsta) (64)

The last equality was obtained by noticing that for any x, either s(x) = 0 or g(x) — s(x) =0
with our ¢. Therefore, the stable solution that minimizes L is the one that maximizes the total
firing rate.

We can apply our sinusoidal g in Eq 58 to perform the integral, recalling that x = 27/A:

NAG
212

L=—

(sin Kz — Kz cos Kz), (65)

where N is the network size. So L depends on G and the quantity xz, which we will rewrite as
y. We now simplify Eq 65 using Eq 57:

- NA?(sin yy —  cos ) B NA? -
~ AW(0)(siny — Y cos ) — 2mcosyy  —4W(0) + e (66)
Note that since W is negative-definite, W (0) = [ dx W(x) < 0. Also note that 1/(tan y — y)

is a monotonically decreasing function of v in the range [0, 77]. Thus, to minimize L, we need to
minimize y. Meanwhile, Eq 57 now reads y — cos y sin y = 11/2W (i). The left-hand side is a
monotonically increasing function of y in the range [0, 7], so to minimize v, we need to maxi-
mize W (). Thus, the Lyapunov-stable wavelength A = 27/« is the one that maximizes W (x).
This is the same mode that grows fastest for the linearized dynamics in Eq 45.

Bump motion under drive and noise

Dynamics along the attractor manifold. Now that we have determined the baseline con-
figuration g, including the bump shape and bump distance, we investigate its motion under
drive b and noise {. We introduce 0 to label the position of the configuration. It can be defined
as the center of mass or the point of maximum activity of one of the bumps. We expand the
full time-dependent configuration with respect to the baseline configuration located at 6:

&,(x,1) = g(x — 0) + dg,(x, 7). (67)

g(x — 0) solves Eq 40 with dg/dt = 0; to facilitate calculations below, we will write the baseline
equation in this form:

gx=0) =3 [ &y W, )olety - 0) + 4. (68)
p

Substituting Eq 67 into Eq 33 and invoking Eq 68, we obtain the following linearized
dynamics for dg:

D a0 = 3 [ W st~ Ol 0) £, 500 + 0. (60)
We can rewrite this as

dé (x,1)
BT =3 [ e 0000 £.750) L), 70
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where
Kxﬂ(xa% 0) = Wﬂ(x,y)gb'[g(y —0)] - 59435(’5 -). (71)

We will often suppress the argument of derivatives of g. If we consider a configuration
located at 6, dg/dx implies dg(x — 6)/dx. We make the argument explicit when necessary.
If we differentiate Eq 68 by 8, we obtain

a =3 [owndso-olg

d
0 :Z/dyKaﬁ(x,y;H)d—i,
B

(72)

which indicates that dg/dx is a right eigenvector of K with eigenvalue 0. To be explicit about
this, we recover the discrete case by converting continuous functions to vectors and matrices:

. dg(x— 0
g =g(i—0), Agi:g(T>

) Ko(/)’ij = Ka/}(l)]’ 9) (73)

x=i

If we concatenate matrices and vectors across populations as

K K Ag
J= , e= , (74)
K Kir Ag

e is the right null eigenvector of J : 0 =} Jie;.

Since K is not symmetric, its left and right eigenvectors may be different. To find the left
null eigenvector, we again differentiate Eq 68 with respect to 6, but this time interchanging var-
iables x and y:

dg ! d
DD / dx W, (3, x)[g(x — 0)]
g

(75)
, d
~ 2/de(xfy)¢ [g(fo)]—x.
The second equality is obtained from Eqs 36 and 37. Replacing the position y by y +4 ¢,
where £ is the connectivity shift, we get
dgly =0+, , dg(x— 0
MU x o [ axwie -y, - 0] B4, (76)

where we have made the arguments of g explicit. Let’s define shifted versions of the baseline g
for each population a:

8, (x) = glx+, ). (77)

Since £ is small,

Y (%) ~ 2(x). (78)

o
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Applying these expressions to Eq 76 and recalling Eq 36,

&
s zQ/dXW/f(xv)’)d[g(x_@)]%

dy
& (79)
2 Y [ arw e ndlet - 0) 5
Finally, we multiply both sides of the equation by ¢’ [g(y — 6)] to obtain
: dg dg,
Sl =0 =Y [ aw,e oty ~ 0t~ 0) G
(82)

=3 [ ks 000 Tg(x - 0

Thus ¢'[g(x — 0)] dg,/dx is the left null eigenvector for K,5. Again, to be explicit, the dis-

crete equivalent is
I(LL KLR ¢/ [g] @ AgL
J= , f= , (81)
K  Kig ¢'lg] © Agy

where ® represents element-wise (Hadamard) multiplication. Then, f is the left null eigenvec-
torof J: 0 = > Jf.

We now revisit Eq 67 and assume that g changes such that the bumps slowly move along
the attractor manifold:

8.(x,t) = g(x — 0(1)),

dog,(x,t) _ dg,(x,t)  dglx—0(t))do (82)
e A&t T dx dt

Again for simplicity, we will often suppress arguments of derivatives of g and dependence
on t. We return to Eq 70, project it along the left null eigenvector, and apply Eq 82 to obtain

—1-— /d.xqﬁ[g —0)] g: bZ/dx ) g(x — )]‘ilg;:
N ®)
3 [ axdlgte— o) et 0.
The velocity of bump motion is given by d6/dt. It is
) o(x — dga(x — 9)
w _vbg/dxml) #lele— 0] 5
dr ) dg(x — O)Y
2t | dx¢'[g(x — O)]| =——=
fonun®

, dg,(x— 0)
_;/dm gl — 0 5= ()

2 / dx ¢/ [g(x — 0)] (W)

where we have made the arguments of g explicit. This equation encapsulates all aspects of
bump motion for our theoretical model. It includes dependence on both drive b and noise ¢,

b
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the latter of which is kept in a general form. We will proceed by considering specific cases of
this equation.

Path integration velocity v4.y. due to driving input b. The noiseless case of Eq 84 with
{4(x) = 0 yields the bump velocity due to drive b, which is responsible for path integration:

vb / dx [g(x — 0)] (% _ %)

Vdrive = - . (85)

20 [ st 0) (ji)

Note that this expression is independent of the position 8. We can explicitly remove 6 by
shifting the dummy variable x — x + 6:

B Vb/dx¢’[g(x)] (dg(’;; O_ dg(zx— é))

Vare = . / dx ' [g(x)] (di(j)z
) ybé/dxd[g(x)}jj?
. / dx ¢/[g(x)] (%)2

Now let’s consider the specific ReLU activation function ¢. Eq 35 implies

1 ¢g>0
¢'lg] = { so ¢'lg]' =¢'lg] and ¢'lg]- dlg] = olgl. (87)
0 ¢g<0,

These identities, along with the definition for s (Eq 34), give

s 3S=0 okw($)= (L) s (E) = (L) 6

Applying the first two equalities to Eq 86 produces Eq 8 of the Results section.
Now we reintroduce noise { and assume it is independent across neurons and timesteps,
with mean (). If we average Eq 84 over {, the numerator of the second term becomes

, dg,(x—0
S [ aedlate— o B0 =0 =0 (59)

The integral vanishes because gis even and ) | dg,/dx is odd. Thus,

do
(G) = owe (%0)

demonstrating that networks with independent noise still path integrate on average.

Diffusion D, due to input noise. Independent noise { produces diffusion, a type of
deviation in bump motion away from the average trajectory. It is quantified by the diffusion
coefficient D:

{[0(r) = (0())]") = 2Dr. (°1)
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In terms of derivatives of 6,

o-won - [ [ase(&-E)E-(@))

Eqs 84 and 90 imply

D S K2 R S
w_jony_ . o

20 [ axolgte- o) (£

We then shift the dummy variable x — x + () and reintroduce explicit dependence on ¢ to

obtain
> [ [ axay e len e G e+ 001055+ 0060

([0(t) — ar a2 —
oL @ [ [ axosto) (‘f—ﬁ)]

One class of independent { is Gaussian noise added to the total synaptic input, which repre-
sents neural fluctuations at short timescales. We assume it is independent across neurons and
timesteps with zero mean and fixed variance o*:

({Cx0) =0, ({00, 1) = a*At6(t — 1)8,40(x — y). (95)

dg,dg Iy

-(94)

At is the simulation timestep, which defines the rate at which the random noise variable is
resampled. Eq 94 then becomes, with the help of Eq 78,

([0(t) — (O] :/‘ ZAtZ/dW[g (

el fasoaen(]

(96)
aAt / dx ¢/ [g(x)] (%j
dx
~ st
dg \
27 / =
@| [ axolgto) (dx)]
Reconciling this with the definition of the diffusion coefficient D in Eq 91 yields
, (dg\
At / dx ¢'[g(x)] (ag)
Dinput = 2° (97)

| [ xdlgto) (jf)]

Applying Eq 88 for a ReLU ¢ gives Eq 10 of the Results section.
Diffusion Dyy;,. due to spiking noise. Instead of input noise, we consider independent
noise arising from spiking neurons. In this case, the stochastic firing rate s is no longer the
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deterministic expression in Eq 34. Instead,

s (x,1) = S0 (98)

where ¢ is the number of spikes emitted in a simulation timestep of length At. We model each
Co(x, t) as an independent Poisson-like random variable driven by the deterministic firing rate
¢[ga(x, t)] with Fano factor F. It has mean ¢[g,(x, t)]At and variance F$[g,(x, t)]At. Therefore,

Folg, (x, 1)]

L), (99)

= ¢[gx (xa t)] +
where each 7,(x, ) is an independent random variable with zero mean and unit variance:
(n,(x 1)) =0, (n,(x, )ng(y, 1)) = Ato(t — 1')0,,0(x — y). (100)
As in Eq 95, the simulation timestep At defines the rate at which 7 is resampled. By substi-

tuting Eq 99 into Eq 33, we see that spiking neurons can be described by deterministic firing
rate dynamics with the stochastic noise term

J(x,1) Z/dyW (%, )| — ﬂgﬁ@ )l 1,7, ). (101)

Now we calculate the diffusion coefficient produced by this noise. Eq 93 becomes

//dxdyW x,)¢'[g(x — )] FW(L 9>]'7ﬁ@)
_ b

o\
a‘<a> . 2 / dx¢’[g(x—6>](j—§)2

S [ o
20 [ axglgtx—0) (j—g) |

We recalled Eqs 67 and 79 to obtain these equalities. We then proceed as for input noise to

(102)

calculate
dg
o5 [ [ sy VTN L x4+ 00,y 0000
of

([0(t) — dr dt” o
/ / 4 l / dx ¢/ g ()] <%)]

which yields the diffusion coefficient

, (103)

2" (104)
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After applying Eq 88 for a ReLU ¢ and setting F = 1 for Poisson spiking, we obtain Eq 20 of
the Results section.

Drift velocity v on,(6) due to quenched connectivity noise. Suppose that we perturb the
symmetric, translation-invariant W by a small component V representing deviations away
from an ideal attractor architecture:

W/i(xvy) - W/i(x’y) + V:x/ﬁ(xvy)' (105)

By Eq 33, this produces the noise term

L= / dy V., (x,7)blg . ). (106)
i

In contrast to input and spiking noise, this noise is correlated across neurons and time, so it
cannot be averaged away as in Eqs 89 and 90. Substituting Eq 106 into Eq 84, we obtain
do

=7 = Varive +v

ar ), (107)

conn(

where the drift velocity is

> [ [ axayvyoslete - 01 EE =D olgty— o)
0) =2

conn( or / dx ¢[g(x — 0)] (dg(}cclx_g)>2

Because Vis already small, we ignored & in Eq 77 to obtain this expression. We have also
made the dependence on bump position 6 explicit to illustrate how it influences v ,,,(0). After
applying Eq 88 for a ReLU ¢, we obtain Eq 24 of the Results section.

We now make scaling arguments for speed difference (Eq 30), speed variability (Eq 31),
and escape drive b, (Eq 26). To do so, we impose a ReLU ¢ and return to discrete variables to
be explicit:

(108)

v

ZZVWW As g8
Veonnyg = — r 2 . (109)
. 2TZ(A5,>0)_

We need to understand how the numerator scales with M and N. It is a weighted sum of
4N? independent Gaussian random variables V,; and is thus a Gaussian random variable
itself. It has zero mean, but its variance is proportional to N* - M?/N*. The N* comes from the
number of terms in the sum and the M*/N* comes from the scaling of ds/dx (Eq 11). In combi-
nation with the scaling of the denominator, we conclude that v n,.0 is @ Gaussian random var-
iable with

N2

x — (110)

E[V = 07 Var[vconn:(}] M2 :

conn]
Eq 109 implies that veonng is correlated over 8. The weights for the sum over V,; are the
firing rates and their derivatives for a bump centered at 6. If 0 is slightly changed, almost the
same entries of V will be summed over with similar weights. The amount of correlation across
0 is determined by the degree of overlap in weights, and therefore, by the width and number of
bumps. Let’s consider the effects of changing N and M on the covariance matrix Cov[Vconn,0,
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Veonn:e']- A larger N increases the bump width and the correlation length proportionally, so val-
ues of the main diagonal decay proportionally more slowly into the off diagonals. A larger M
redistributes values among the diagonals by decreasing the bump width and adding more
bumps, but it does not change the total amount of correlation. Thus,

ZCOV[Vconn:OJ Vconn:(}’] X N2 : Var[vcorm:()] . (111)

0,0/

This allows us to evaluate

Var [megan vmmo} = Var

1 N?
N Zvconn;O] N2 ZCOV COnn 0 Vconn 0/] X ﬁ : (1 12)

0 0,0/

As a sum of zero-mean Gaussian random variables, meang v o9 is also a zero-mean
Gaussian random variable. That means |meang vonn.g| follows a folded normal distribution,

which obeys
2 N
: } = \/— Var [mean vwnn,(,] X —. (113)
’ T 0 ’ M

conn;0

E[’meanv
0

Combining this with Eqs 12 and 14 produces the scalings for speed difference in Eq 32.
We now study speed variability, which involves the expression

1 2
Sgd Vconn:@ = ‘ / N ; Vconn:(?' (1 14)

Since each v onn. is Gaussian, the sum of their squares follows a generalized chi-square dis-
tribution. Its mean is the trace of the covariance matrix Cov|[Veonn; Veonnie']>, Which is equal to
N times the variance. Thus, by Eq 110,

N2
Z VconnO ==-N- Var[ conn:@] X ﬁ . (115)

We are interested in the square root of the random variable on the left-hand side, and we
anticipate its expected value to scale as the square root of the right-hand side. We can make
this argument precise. Suppose H is a random variable with a probability distribution function
p(h) that scales with a power of the parameter B. We can write

p(h) = B" P(B"h) (116)

for exponents #n and m, where the rescaled probability distribution function P does not scale
with B. Conservation of total probability implies

B / dh P(B"h) = B"B™" / dW' P(H) = 1. (117)
Thus, m = n. Next, suppose we know that E[H] o< B

/dth (B"h) /dh’h’ ) o B. (118)
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Thus, 7 = —0. We can now conclude that E[v/H] o< /E[H]:

E[VH]| = B~ / dh VhP(B°h) = B’ / dn' Vi P(H') B, (119)
Applying this result to Eq 115, we obtain

(120)

Combining this with Eqs 12 and 14 produces the scalings for speed variability in Eq 32.

The escape drive b, involves the expression maxg|Veonn;e|- Extreme value statistics for corre-
lated random variables is generally poorly understood. We follow Ref [78] and provide a heu-
ristic argument for its scaling. We can partition v onn,g across 0 into groups that are largely
independent from one another based on its correlation structure. As discussed above, V¢onn.g is
a weighted sum of independent Gaussian random variables V,z; (Eq 109). The weights are
products between the firing rates s; _ g and their derivatives As; _  for a configuration centered
at position 6. If we choose two s such that their bumps do not overlap, the corresponding
Veonnse S Will sum over different V,,5;’s and will be independent. Thus, A/z roughly sets the
number of independent components, where A is the bump distance and z is the bump width.
This ratio does not change with M or N in our networks (Fig 2F), so the maximum function
does not change the scaling of |[Veonn.gl:

m()ax|vconn;0| X ‘Vconn;0|' (121)

The scaling of E[|Veonng|] can be determined from Var[veonn.e] through arguments similar
to those made in Eqs 116-119. Suppose we know that Var[H] o B’ and E[H] = 0. Then,

Var[H| = B" / dhh* P(B'h) = B™™ / dn' (W)’ P(W') o B". (122)
Thus, n = —0/2. We can now conclude that E[|H|] « +/Var[H]:
E[|H]] :B‘”/2/dh|h|P(B*"/2h) :B"/2/dh’|h’|P(h/) o B2, (123)

Applying this result to Eq 121, we obtain

———, N
E |:m0ax|vconn:0 |:| X E [lvconn:ﬂ |:| X Var[vconn:()] X M . (124)

Combining this with Eqs 12, 13 and 26 produces the scalings for the escape drive b, in
Eq27.
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Simulation methods
Dynamics and parameter values

To simulate the dynamics in Eq 33, we discretize the network by replacing neural position x
with index i and propagate forward in time with the simple Euler method:

i t+At o
8l A)t 8l Zwusﬁj ) + A=, yb(t) + ,(0). (125)

We use 7= 10 ms. We use At = 0.5 ms and A = 1 for all simulations except those with spik-
ing neurons. In the latter case, we use finer timesteps At = 0.1 ms and set A = 0.1 ms™. Synaptic
inputs g and resting inputs A can be dimensionless for rate-based simulations, but they must
have units of rate for spiking simulations. We use y = 0.1 for rate-based simulations and y =
0.01 ms™ for spiking simulations. In all cases, we run the simulation for 1000 timesteps before
recording any data to form the bumps. To achieve the relationship in Eq 13 for circular map-
ping, we rescale y with network size N and bump number M:

N 3
P Y (126)

600 M

The connectivity W takes the form in Eq 38. Unless otherwise specified, we use shift £ = 2.
To produce M bumps in a network of size N, we turn to Eq 47 and set / = 0.44N/M. Note that
an alternative to Eqs 13 and 126 would be to rescale & proportionally with o« N/M under cir-
cular mapping, since bump velocity is also proportional to & (Fig 3C). We use w = 8M/N =~
3.5/1. For the case of 21 > N/2, which corresponds to a one-bump network, the tails of the
cosine function extend beyond the network size. Instead of truncating them, we wrap them
around the ring:

W(x) — W(x) + W(x — N) + W(x + N). (127)

This procedure, along with the scaling of w with N and M, accomplishes Eq 7 and keeps the
total connectivity strength per neuron ¥; W; constant across all N and M, where W; is the dis-
crete form of W(x).

To generate the Poisson-like spike counts ¢,;(t) in Eq 98, we rescale Poisson random vari-
ables:

ci(t) = F-C,(t),  Cu(t) ~ Pois[¢[g,(1)|At/F]. (128)

These counts will be multiples of the Fano factor F. To produce a ¢,;(t) whose domain is the
natural numbers, one can follow Ref [18], which takes multiple samples of C,,(f) during each
timestep.

To obtain theoretical values in Figs 3, 5, 7 and 8, we need to substitute the baseline inputs g;
into the appropriate equations. We use noiseless and driveless simulations to generate g;
instead of using Eq 4.

Bump position

We track the position 6 of each bump using the firing rate summed across both populations
Si(t) = o dgai()]. We first compute the circular center of mass of S;(t) with periodicity N/M:

atan2 ZS sin(2niM/N), ZS ) cos(2miM /N) | . (129)
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atan?2 is the two-argument arctangent, and we choose its branch cut such that its range is [0,
2m). Thus, 6, lies between 0 and N/M and represents the bump position averaged periodically
across bumps. To track the position of each bump independently, we then partition the net-
work into segments of length | N/M]. If N/M is not an integer, we skip one neuron between
some segments to have them distributed as evenly as possible throughout the network. We per-
form a circular shift of S;(f) such that network position 6 is shifted to the middle of the first
segment N/2M, after rounding both quantities to integers. The purpose of this process is to
approximately center each bump within a segment so that S;(¢) drops to 0 before reaching seg-
ment boundaries. We then calculate the center of mass of S(f) within each segment. After
reversing the circular shift, these centers of masses are taken to be the bump positions.

Path integration velocity and diffusion

To obtain our results in Figs 3 and 5, we run each simulation for T'= 5 s. To extract the bump
velocity v produced by a constant drive b, we calculate the mean displacement © as a function
of time offset u:

At

Ou) = — Z[G(H— u) — 0(1))]. (130)
T—u

0 is the bump position. This equation averages over the fiducial starting time ¢, which ranges
from 0 to T — u — At in increments of At. We vary u between 0 and T/2 in increments of At;
the maximum is T/2 to ensure enough ’s for accurate averaging. We then fit ©(u) to a line
through the origin to obtain the velocity:

O(u) =~ vu. (131)

We calculate the diffusion coefficient D based on an ensemble of replicate simulations. In
this section, angle brackets will indicate averaging over this ensemble. Following the definition
of D in Eq 92, we calculate each bump’s position relative to the mean motion of the ensemble:

o(t) = 0(t) — (0(t)). (132)

We compute squared displacements and then average over fiducial starting times to obtain
a mean squared displacement for each bump as a function of time offset u:

At

Q(u) :T—_uZ[a)(tJru) — o). (133)

tand u span the same time ranges as they did for ©. We average (1) over the ensemble and
fit it to a line through the origin to obtain the diffusion coefficient:

(Q(u)) ~ 2Du. (134)

For simulations with M bumps, we arbitrarily assign identity numbers 1, . . ., M to bumps
in each simulation. We perform ensemble averaging over bumps with the same identity num-
bers; that is, we only average over one bump per simulation. This way, we obtain separate val-
ues for each bump in Fig 3E-3H; nevertheless, these values lie on top of each other. In Fig 3B
and 3C, each point represents v averaged across bumps. To calculate the mean velocity (v) in
Fig 3E and 3F, we fit (©(u)) to a line through the origin. To estimate standard deviations for
Figs 3E-3H and 5, we create 48 bootstrapped ensembles, each of which contains 48 replicate
simulations sampled with replacement from the original ensemble. We calculate (v) or D for
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each bootstrapped ensemble and record the resulting standard deviation. In Fig 5, each point
represents D and its estimated standard deviation averaged across bumps.

Trapping and position-dependent velocity

For simulations with connectivity noise, we determine the escape drive b, (Fig 7), the smallest
drive that allows the bumps to travel through the entire network, by a binary search over b. We
perform 8 rounds of search between the limits 0 and 1.28 and another 8 rounds between 0 and
—1.28 to obtain b, within an accuracy of 0.01. In each round, we run a simulation with the test
b and see whether the bumps travel through the network or get trapped. Traveling through the
network means that every position (rounded to the nearest integer) has been visited by a
bump, and trapping means that the motion of at least one bump slows below a threshold for a
length of time.

To obtain the position-dependent bump velocity v(6) produced by connectivity noise when
|b| > by, we run a simulation until the bumps have traveled through the network. At each time-
step, we record the positions of the bumps (binned to the nearest integer) and their instanta-
neous velocities with respect to the previous timestep. We smooth the velocities in time with a
Gaussian kernel of width 10 ms, which is the neural time constant 7. We compute the mean
and standard deviation of these smoothed velocities for each position bin.

Mutual information

For simulations with input noise, we explore the mutual information between encoded coordi-
nate and single-neuron activity (Fig 6). To do so, we must generate data from which we can
compute p(s|u) in Eq 22, for coordinate u € U and activity s € S. We have chosen one set of
conditions for performing this analysis, which we detail below.

We first choose to represent either a linear or circular coordinate, which we take to be posi-
tion or orientation, respectively. We then choose to represent a narrow or wide coordinate
range .y, which is 20 cm or 200 cm for position and 36°or 360°for orientation. We divide
the range into 20 equally spaced coordinates such that &/ = {u__ /20,...,u__}. We convert
these coordinates to network positions according to the mappings in Fig 4. For each coordi-
nate value u, we initialize 96 replicate simulations at the corresponding network position by

max

applying additional synaptic input to the desired bump positions during bump formation. We
run the simulations for 5 s, record the final firing rates, and bin them using 6 equally spaced
bins from 0 to the 99th percentile across all neurons. All rates above the 99th percentile are
also added to the 6th bin. These bins define the discrete S, and normalizing the bin counts pro-
duces p(s|u). We marginalize over u to obtain p(s), and p(u) is uniform. We can then use Eq 22
to compute the mutual information.

The 4 local cues in Fig 6F-6H correspond to 4 activity states S_,, separate from the 6 activity
bins of the CAN neurons, S, The joint sample space of a single neuron with cues is thus
S =38, o0 X Seue With 6 x 4 = 24 total states. We bin neural activity across these more
numerous states, using the coordinate value u to determine the cue state value, to again com-
pute p(s|u) and then the mutual information.

We choose to compute mutual information with single-neuron activities binned into 6 dis-
crete states due to computational tractability. A better indication of encoding quality for the
entire network would involve using the joint activity of multiple neurons. However, assuming
the same binning process, that would involve estimating probability distributions over 6" states
for n neurons, which would require exponentially more replicate simulations per coordinate
value than the 96 we use. Alternatively, one could reduce the dimensionality of the network
activity by projecting it onto various attractor configurations, as done by Ref [79].

neuron”*
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Different model parameters

In this section, we revisit many major results for input, spiking, and connectivity noise, but for either a
different activation function ¢ (Fig A) or for connectivity strengths W that do not scale with bump number
and network size (Fig B). To calculate theoretical predictions for each set of results, we need to substitute the
baseline synaptic inputs ¢ into the appropriate equations. They are obtained by running simulations without
noise and drive. Notably, the theory still demonstrates close agreement with simulation results under these
new conditions.

In Fig A, we use a logistic sigmoid activation function ¢ to convert synaptic inputs g to firing rates s:

1

“Tred (4)

9]
All results with this ¢ are qualitatively identical to those obtained with a ReLU ¢ in the Results section
of the main text. To calculate theoretical values, we can no longer use equations from the Results section,
which are simplified for a ReLU ¢. To compute Dinput, Dspike, Vdrive, a0d Veonn (6), we use Eqs 97, 104, 86,
and 108 from the Theoretical methods section of the main text instead.

In the Results section of the main text, we assumed that the connectivity strengths W obey Eq 7
to maintain the same scaled bump shape across bump numbers M and network sizes N. In addition to
the theoretical advantages of obtaining simple scaling relationships, this choice can be loosely biologically
motivated. Consider the tuning curves of grid cells, which are thought to function as CANs. Their scaled
shapes are roughly similar across modules [1], which may differ in bump number [2—4], and across mammalian
taxa from rodents to primates [5, 6], whose brains certainly differ in neuron number. This crude observation
supports the choice to maintain a fixed scaled bump shape across M and N. Nonetheless, in Fig B, we do
not assume Eq 7 of the main text and bump shape invariance. Instead, we fix w = 0.04 in Eq 38 of the
main text, which fixes the maximum synaptic strength across all networks. This change produces qualitative
differences in noise robustness only for circular mapping. Here, under circular mapping, networks with fewer
bumps are more robust to all three forms of noise, and larger networks are more robust to connectivity noise.
For the corresponding simulations in the Results section of the main text, no major changes in robustness

were observed.
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Fig A: Main results repeated for networks with a logistic activation function. (a) The scaled bump shape remains
invariant across network sizes and bump numbers, accomplished by rescaling connectivity strengths according to Eq 7
of the main text. Curves for different parameters lie over one another. (b and ¢) Networks with synaptic input noise.
Bump diffusion follows the same qualitative behavior as in Fig 5A and 5B of the main text. (d and e) Networks with
Poisson spiking noise. Bump diffusion follows the same qualitative behavior as in Fig 5C and 5D of the main text. (f—i)
Networks with connectivity noise. (f and g) Escape drive follows the same qualitative behavior as in Fig 7D and 7E of
the main text. (h and i) Bump speed variability follows the same qualitative behavior as in Fig 8D and 8E of the main
text. The activation function ¢ takes the form in Eq A. In f—i, we use connectivity noise of magnitude 0.003. In h and i,
we use drive b = 2.5. The rest of the parameters are identical in value to those used in the main text.

Additional information results

Fig C shows additional mutual information analyses in networks with input noise. We choose two new linear
coordinate ranges, and we use large networks of size N = 2000 to explore bump numbers up to M = 32. In
Fig Ca, we use 2000 cm as the range, which is the maximum value according to the linear mapping in Fig 4A
of the main text. Bump ambiguities exist for all networks with bump number M > 1. Nevertheless, mean
single-neuron mutual information remains largely constant across M. Thus, the effects of decreased bump
diffusion and increased bump ambiguity at larger M counteract each other.

In Fig Cb, we compare each network’s encoding of a linear coordinate range that is equivalent to its
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Fig B: Main results repeated for networks without rescaling of connectivity strengths according to Eq 7 of the main
text. (a) The scaled bump shape no longer remains invariant across network sizes and bump numbers. (b and c)
Networks with synaptic input noise. Bump diffusion follows the same qualitative behavior as in Fig 5A and 5B of the
main text, except that here it slightly increases with bump number under circular mapping. (d and e) Networks with
Poisson spiking noise. Bump diffusion follows the same qualitative behavior as in Fig 5C and 5D of the main text,
except that here it slightly increases with bump number under circular mapping. (f—i) Networks with connectivity noise.
(f and g) Escape drive follows the same qualitative behavior as in Fig 7D and 7E of the main text under linear mapping.
It slightly increases with bump number and decreases with network size under circular mapping. (h and i) Bump speed
variability follows the same qualitative behavior as in Fig 8D and 8E of the main text under linear mapping. It slightly
increases with bump number and decreases with network size under circular mapping. The connectivity W still takes
the form in Eq 38 of the main text, except that here we fix w = 0.04 across all bump numbers and network sizes. In h
and i, we use drive b = 1.0. The rest of the parameters are identical in value to those used in the main text.

bump distance A = N/M. Therefore, there is never bump ambiguity, but mutual information also remains
relatively constant across M. As described in Simulation methods of the main text, mutual information is
computed using 20 coordinate values evenly spaced across each range. At larger M, the spacing between
coordinate values decreases along with the coordinate range. Distinguishing among positions at finer scales
is a more difficult task and cancels the effect of decreased bump diffusion. Thus, noisy networks with more
or fewer bumps are equally capable of encoding linear coordinates at proportionally finer or coarser scales.

In fact, this scaled linear coordinate range is identical to a circular coordinate range of 360°, so these linear
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size N = 2000. Mutual information remains largely constant across bump number. In the shaded region, the coordinate
range exceeds the bump distance. (b) Scaled coordinate range that remains equivalent to the bump distance N/M
in networks of size N = 2000. Mutual information remains largely constant across bump number. The rest of the
parameters are identical in value to those used in the main text. Points indicate data from 96 replicate simulations at
each coordinate value averaged over neurons and bars indicate bootstrapped standard errors of the mean.

results are equivalent to the circular results in Fig 6D of the main text.

Splitting networks

Suppose we have a network of size N with M bumps. Consider splitting it into n separate networks, each of
size N' = N/n with M’ = M /n bumps. How would the combined readout of these split networks compare
to the intact network in terms of noise robustness? We will address this question for input and spiking noise,
assuming invariance of the scaled synaptic inputs g(z/)\) over M and N (Fig 2F of the main text), which
then permits the scalings for diffusion coeflicients and velocities in the main text to hold.

Input noise and spiking noise produce diffusion. Using Eqs 15 and 21 of the main text, the diffusion

coefficient for each split network D’ compared to that of the intact network D is given by
D' =nD (B)

for both input and spiking noise and both linear and circular mapping. Now let’s consider a simple combined
readout of bump position for the split networks that simply averages over the bump position of each network
p=1...,n

i(t) = % S0 (t). (©)

For any network, the diffusion coefficient D describes the variance in bump position 6 across replicate

simulations. According to Eq 91 of the main text,

Var[f(t)] = 2Dt, Var[0*(t)] = 2D't, Var[0(t)] = 2Dt, (D)
where D, D’, and D are diffusion coefficients for the intact network, each split network, and the combined
readout, respectively. Then,

_ Var[6#(t)] _ 2Dt

= 2Dt. (E)

2Dt = Var[6(t)]



Thus, the diffusion coefficient for the combined readout of the split networks is equal to that of the intact
network.

In the case of connectivity noise, a simple comparison between split and intact networks cannot be made.
The split networks contain fewer noisy synapses in total: 4N?/n compared to the 4N? entries of the noisy
connectivity matrix V,g(z,y) for the intact network. One can analyze the average readout of bump velocity

across the split networks

o) = - 3ok (), (F)

but with the discrepancy in the amount of noise and additional assumptions required to connect v(t) with

v(#), which is the predominant form of v in our formulas, we will not continue further.
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