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Abstract
Electrical stimulation of neural tissue is used in both clinical and experimental devices to evoke a
desired spatiotemporal pattern of neural activity. These devices induce a local field that drives
neural activation, referred to as an activating function or generator signal. In visual prostheses, the
spread of generator signal from each electrode within the neural tissue results in a spread of visual
perception, referred to as a phosphene.Objective. In cases where neighbouring phosphenes overlap,
it is desirable to use current steering or neural activity shaping strategies to manipulate the
generator signal between the electrodes to provide greater control over the total pattern of neural
activity. Applying opposite generator signal polarities in neighbouring regions of the retina forces
the generator signal to pass through zero at an intermediate point, thus inducing low neural
activity that may be perceived as a high-contrast line. This approach provides a form of high
contrast visual perception, but it requires partitioning of the target pattern into those regions that
use positive or negative generator signals. This discrete optimization is an NP-hard problem that is
subject to being trapped in detrimental local minima. Approach. This investigation proposes a new
partitioning method using image segmentation to determine the most beneficial positive and
negative generator signal regions. Utilizing a database of 1000 natural images, the method is
compared to alternative approaches based upon the mean squared error of the outcome.Main
results. Under nominal conditions and with a set computation limit, partitioning provided
improvement for 32% of these images. This percentage increased to 89% when utilizing image
pre-processing to emphasize perceptual features of the images. The percentage of images that were
dealt with most effectively with image segmentation increased as lower computation limits were
imposed on the algorithms. Significance. These results provide a new method to increase the
resolution of neural stimulating arrays and thus improve the experience of visual prosthesis users.

1. Introduction

Electrode arrays are used in clinical and experimental
settings to induce responses in neural tissue [1–3].
These devices aim to induce spatiotemporal patterns
of neural activity by activating each electrode in the
array with an appropriate current pulse [4, 5]. Elec-
trode arrays form a key component of many neural
implants that aim to treat dysfunction or lost function
in the nervous system by stimulating target neural
populations.

In the context of retinal implants, an implant
user’s visual perception is closely aligned to the pat-
tern of neural activity across their retina or primary
visual cortex [6, 7]. An important limitation of elec-
trical stimulation is that each stimulated electrode
induces a region of visual perception, referred to a
phosphene [7, 8]. This is the result of the flow of elec-
trical current in the neural tissue [9, 10] as well as
characteristics of the neural structures and connec-
tions [6]. Under conventional stimulation strategies,
this current spread imposes a limitation on the
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Figure 1. The operation of the forward and inverse linear-nonlinear models shown in one-dimension. (a) The forward model
used to predict neural activity patterns from a given set of electrode amplitudes. (b)–(d) The stimulation strategies used to
calculate a set of electrode amplitudes given a target pattern of neural activity. (b) The conventional stimulation strategy. (c) The
unpartitioned neural activity shaping strategy. (d) The partitioned neural activity shaping strategy. Top row: electrode settings.
Middle row: the associated generator signal spreads; the red and blue curves show the generator signal from positive and negative
electrodes, respectively, while the black curves show the total generator signal. Bottom row: the neural activity. In the middle and
bottom row, the dashed lines indicate the target generator signals and target neural activities, respectively.

maximum resolution of the induced pattern of neural
activation.

Figure 1(a) details the forward linear-nonlinear
(LNL)model that calculates the neural activity across
the retina or visual cortex for a given pattern of elec-
trode settings [11–13]. The LNL model is based on
experimental results that demonstrate that the gen-
erator signal can be estimated from recordings of
neural responses to electrical stimulation [12, 13].
These results show that the LNL model is an accurate
way to predict neural activity directly evoked by an
arbitrary pattern of electrode amplitudes that include
both cathodic-first (positive) and anodic-first (negat-
ive) stimuli. In the retina, this neural activity can be
interpreted to represent the retinal ganglion cell firing
rate, retinal ganglion cell firing probability, local field
potential, or multi-unit activity. In the LNL model,
the generator signal at each pixel is the linear sum of
the contributions from each electrode, s⃗; this is the
linear part of the LNL model. The two-dimensional
neural activity pattern is divided into a grid of loca-
tions, which we will call pixels, that can be represen-
ted as a vector of neural activations, r⃗. At each pixel,
the neural activity is modelled as a static nonlinear
function of the generator signal at that pixel, g⃗, here
taken to be the absolute value (i.e. rectification); this is
the non-linear part of the LNL model. The generator
signal may be interpreted biophysically as the trans-
membrane current at the site of spike initiation, and
is related to Rattay’s activating function [14, 15]. It
is expected that each pixel represents the activity of a
large number of neurons.

Conventional stimulation strategies apply
sequential electrode stimulation patterns that are

simply spatially down-sampled versions of the desired
neural activity patterns [16, 17]. Under this strategy,
illustrated in figure 1(b), each electrode is activated
individually to induce neural activity with the aim to
match the local target neural activity at the location
of the electrode. To avoid the blurring of neighboring
phosphenes, current from corresponding electrodes
must not substantially overlap. This constraint places
an upper bound on the number of perceptually useful
electrodes in a given area [18].

Multipolar stimulation [19–21] and focusedmul-
tipolar stimulation [19, 22–24] attempt to over-
come the limitation of current spread by using sim-
ultaneous combinations of cathodic-first biphasic
pulses (positive) and anodic-first biphasic pulses
(negative) on electrodes with spatially overlapping
current spread. These strategies seek to control
the current spread to create higher contrast at a
finer spatial scale in the overall neural activity
pattern.

Rather than targeting control of the current in
neural tissue, the neural activity shaping strategy [11]
instead calculates electrode settings that aim to shape
neural activity explicitly. This neural activity shap-
ing strategy can be implemented with subsets of elec-
trodes to induce a local pattern of neural activation or
with all electrodes to induce an entire field of neural
activation. The strategy effectively inverts the LNL
model to find a pattern of stimulation across elec-
trodes, s⃗, that provides an optimal match of predicted
neural activity, r⃗, to a target pattern of neural activ-
ity, r⃗∗. The target pattern of neural activity is derived
from the image (figure 1(c), bottom row, dashed
lines) and is converted to a target generator signal by
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dealing with the rectifying nonlinearity in two altern-
ative ways.

In the unpartitioned version of the neural activ-
ity shaping strategy, the generator signal is chosen
to take only positive values (figure 1(c) middle row,
dashed lines). Note that both positive and negative
electrode pulses are used (corresponding to cathodic-
first and anodic-first pulses), but the negative pulses
(figure 1(c), top row) are utilized only to atten-
uate positive generator signal spread in a push-
pull arrangement. This can provide much greater
control over neural activity than the conventional
phosphene-based strategies (figure 1(b)) but can still
fail to represent narrow regions of low neural activ-
ity that exist between regions of high neural activ-
ity. In images, these would be perceived as dark lines.
These narrow features may be particularly import-
ant in images pre-processed to emphasize the edges
of objects.

However, it has been shown experimentally that a
net negative generator signal can also induce neural
activity [12, 13]. This is because neural activa-
tion occurs for both cathodic-first and anodic-first
biphasic pulses. Therefore, neural activity is modelled
as the magnitude generator signal (to a first approx-
imation, figure 1(a)). Figure 1(d) shows an example
of using a partition vector, φ⃗, to partition the tar-
get neural activity into appropriate regions of posit-
ive and negative generator signal (middle row, dot-
ted line). This is the partitioned version of the neural
activity shaping strategy. This provides amuch higher
contrast distinction between the resulting two regions
of high neural activity (bottom row, solid line), which
emphasizes the perception of dark lines in the tar-
get neural activity. The efficient implementation of
this additional partition step is computationally non-
trivial and is the topic of this study.

The previously published partitioning approach
uses a Hopfield network with simulated anneal-
ing [11] but suffers from limitations. There are
three potential limitations of partitioning the target
pattern:

(a) The search for a beneficial segmentation of the
target into regions of positive andnegative gener-
ator signal is computationally infeasible for real-
time processing as required by a retinal implant.
For example, with a very simple target of 6 × 6
pixels of retinal activity, there are Nr = 36 loca-
tions of target neural activity. In principle, it is
necessary to decide if each pixel will be achieved
with either positive or negative generator signal.
This leads to a discrete search space of 2Nr−1 =
235 ≈ 1010 possible combinations for each target
pattern, an impossible task on a portable pro-
cessor.

(b) An exhaustive search can be avoided by using
a Hopfield network to perform a guided search

similar to gradient descent. However, the search
space using this method typically includes many
local minima that can lead to solutions with
higher errors than the solution provided by the
unpartitioned strategy.

(c) Even in cases where the global minimum
solution is found, this solution can include
trade-offs that misrepresent the true pattern,
leading to artefacts that may be perceptually
distracting.

The second and third of these potential short-
comings are illustrated in figure 2 using a 6 × 6
electrode array with overlapping phosphenes and a
40 × 40-pixel target. Given a simple target of neural
activity (figure 2, top row), the unpartitioned neural
activity shaping strategy assumes that the generator
signal comprises only positive values (figure 2(a),
middle row), which leads to the solution depicted
in figure 2(a) (bottom row). The solution that most
accurately recreates the perceptual features of the tar-
get, shown in figure 2(b), partitions the neural activity
pattern optimally into regions of positive andnegative
generator signal that, in this case, fall on the left and
right of the dark line, respectively. The same target
is partitioned into hypothetical regions that demon-
strate the potential detrimental local minimum typ-
ical of the results of a single cycle of a Hopfield net-
work (figure 2(c)). This counter-intuitive solution is
chosen to illustrate the unusual solutions that result
from algorithms that can be thought of as ‘relaxing’
or ‘quenching’ from high variation (or high energy)
solutions to lower variation solutions. The outcome is
that they include artefacts similar to the phase trans-
itions between domains in the Ising model of crystal
or magnetic lattices. A different target is used to illus-
trate a potential detrimental global minimum trade-
off solution that fails to represent the break in the dark
line (figure 2(d)).

This paper presents the results of a method to
avoid all three of the potential shortcomings. The
proposed new method uses conventional image seg-
mentation to partition the neural activity pattern into
regions of high and low activity. Each segmented
region of the resulting pattern is assigned a uniform
generator signal polarity. By undertaking the initial
image segmentation, the search space is reduced from
2Nr−1 possible partitions to 2Nreg−1 possible parti-
tions, where Nr is the number of target neural activ-
ity locations and Nreg is the number of regions in the
partitioned target. If Nreg≪ Nr, then this represents
a substantial reduction in computation. TheHopfield
network is then applied as the final step to find the
best partition. This image segmentation approach to
partitioning also explicitly biases the final solution
away from artefacts that arise due to local minima
(figure 2(c)) and away from artefacts that arise due
to trade-off solutions (figure 2(d)).
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Figure 2. Potential limitations of the partitioned strategies. A 6× 6 electrode array is used with overlapping phosphenes and a
40× 40-pixel target. (a) The solution provided by an unpartitioned strategy. (b) The solution that provides the most perceptual
value. (c) A hypothetical local minimum solution using the partitioned strategy. (d) Another global optimum solution that
includes a trade-off that misrepresents the perceptual features in the target pattern. First row: target neural activity pattern with
white indicating high neural activity and black indicating no neural activity. Second row: hypothetical partition into positive and
negative regions (red and blue, respectively). Third row: simulated outcome in neural activity.

This partitioning approach is additionally tested
in combination with a set of standard approaches to
image pre-processing.

2. Methods

The following descriptions of the LNL forward
model, conventional approach, inverse LNL model,
partition vector, and Hopfield network are summar-
ies of methods applied in a previous publication
[11]. The section describing simulated annealing is an
improved version of the previous simulated anneal-
ing approach because it uses an optimized nonlinear
annealing trajectory. The repeated Hopfield network
is a new approach that has been introduced because,
unlike annealing, it allows for parallelization of its
implementation. The section on the Hopfield net-
work with image segmentation is the principal new
approach introduced in the present study, which is
compared with other previously used methods.

2.1. LNL forwardmodel
A LNL model is used for phenomenological pre-
diction of neural activation by electrical stimulation
[11–13] (figure 1(a)). The model uses scaled units,
where (S) represents spikes, (T)—time, (I)—current,
and (L)—length. The linear part of the model used a
dimensionless transfer matrix,W, to calculate a gen-
erator signal, g⃗ (I), at each pixel in the retina that res-
ults from a set of electrode currents, s⃗ (I),

g⃗= W⃗s. (1)

The vector, s⃗, has the same number of elements as
there are electrodes in the implanted electrode array,
Ne, and the vector, g⃗, has the same number of pixels

that we wish to model in the retina, Nr. (As an aside,
if the same electrodes were used to record neural
response to electrical stimulation so as to estimate
the model [13] then Nr = Ne, but we make no such
assumption here.) The columns of the matrix, W,
which is of sizeNr×Ne, quantify the weighting of the
contribution of each electrode to the generator signal
associated with the neurons in each pixel in g⃗. Each
electrode contributes a spread of neural activity that
results in the perception of phosphenes. For simpli-
city, this spread ismodelled as Gaussian with uniform
standard deviation, σ (L). Other choices are possible,
including estimating W by recording responses, this
is an area for future work.

The spike rate at each pixel in the retina, r⃗ (ST−1),
is assumed to be themagnitude of the generator signal
at that pixel (figure 1(a)); this is the nonlinear part of
the model,

r⃗= |⃗g| . (2)

This proportionality assumption simplifies the fol-
lowing derivationwhile retaining the important qual-
itative properties of the experimentally measured
two-sided nonlinearities. Specifically, these nonlin-
earities are observed to be symmetrical, with a min-
imum of neural activity at a generator signal value of
zero [13].

2.2. Conventional approach
The basic function of a retinal implant is to activate
electrodes to induce perception of a given image. The
conventional approach to selecting electrode stimula-
tion strengths, given a particular target neural activity
pattern, r⃗∗, is to first downsample the target pattern.
Each electrode is then stimulated in proportion to
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the local intensity of the downsampled target neural
activity. This approach is independent of the shape of
the individual phosphenes. In this study, an enhanced
version of this conventional approach is implemen-
ted bymaking the selection of each electrode’s current
amplitude dependent upon the shape of its associated
neural activity profile. In this enhanced conventional
approach, each electrode current is proportional to
the projection of the target pattern of neural activity
onto phosphene/ERF associated with that electrode,

s⃗= k.⃗r∗
T

W, (3)

where r⃗∗ is the given target pattern of neural activa-
tion and k is a normalization constant. This process
mimics the conventional process but improves upon
it by using information about the neural activation
pattern induced by each electrode. This acts as a con-
servative benchmark against which we can compare
the proposed methods.

2.3. Inverse LNLmodel
An improved approach is to use the inverse of the
above LNL model in order to calculate the electrode
activation pattern, s⃗, required to induce a given tar-
get pattern of neural activation, r⃗∗. The above LNL
model (equations (1) and (2)) can be combined to
give

r⃗∗ = |W⃗s| , (4)

which is equivalent to

R∗φ⃗= W⃗s, (5)

where

φ⃗= sgn(W⃗s) , (6)

and R∗ is a diagonal matrix whose diagonal elements
are the vector, r⃗∗, and φ⃗ is here referred to as the par-
titioning vector, whose entries are±1. We then mul-
tiply both sides of equation (5) by the pseudoinverse
ofW to obtain the desired set of electrode currents,

s⃗=W+R∗φ⃗, (7)

where the ‘+’ superscript symbol represents the pseu-
doinverse of the transfer matrix,W, obtained via sin-
gular value decomposition (SVD) implemented by
function ‘svd’ of MATLAB (version 2019a, Math-
Works, MA, USA).

2.4. The partition vector
The sign of the generator signal for each pixel, given
by the contents of the partition vector, φ⃗ , are free to
be chosen. The unpartitioned neural activity strategy
simply sets every element of the partition vector to+1
(figure 1(c)). The problem investigated in this paper
is to find the optimum values for each of the elements
of φ⃗ in equation (7) (figure 1(d)). There are 2Nr−1

possible (non-degenerate) combinations of elements
of φ⃗. The optimum combinations are those that give
the most visually useful representation of the target
neural activation, r⃗∗. We generally assume that this
is achieved by minimizing the mean squared error ε
(S2T−2) between themodel predicted pattern and the
actual target pattern of retinal activity,

ε= ∥⃗r∗− r⃗∥2. (8)

As has been shown previously [11], this leads to the
objective function,

Θ= min
φ⃗i∈{−1,1}

φ⃗T
[
R∗ (I−PPT)R∗] φ⃗, (9)

where I is the identity matrix and P are the left eigen-
vectors, from the SVD of W. This fits the form of a
binary optimization problem, min

v⃗i∈{−1,1}
v⃗TMv⃗, which

is NP-hard for a general matrix, M, which is of size
Nr×Nr.

2.5. Hopfield network
A potential (i.e. locally optimal) solution to the bin-
ary optimization problem in equation (9) is provided
by a Hopfield network ofNr nodes using the elements
of the symmetric matrixM= R∗ (I−PPT)R∗ as the
strengths of connections between the nodes and φ⃗ as
the states of the nodes [25]. Since the diagonal ele-
ments of the matrix, M, are the coefficients to the
terms, φ2

i = 1, these do not contribute to the min-
imization of ε and can be set to 0. This avoids self-
connections in the Hopfield network, which does not
function tominimize the objective function with self-
connected nodes.

A random set of initial values for φ⃗ are used and
then updated according to the iterated Hopfield net-
work rule, φ⃗i+1← sgn(M ∗ φ⃗i), until the vector, φ⃗i, is
static and new iterations do not lead to any change. As
is required for Hopfield optimization, the multiplica-
tion,M ∗ φ⃗i, is not performed in the normal, parallel
way, but instead sequentially, in which each row ofM
is multiplied by the vector, φ⃗k, and the appropriate
value is then updated within the vector, φ⃗i, before the
next row is multiplied. This process is referred to as
an ‘iteration’ of the Hopfield network. Each iteration
of this rule leads to a reduction in the error, ε, and
is repeated until it reaches a (local) minimum. In the
present study, the entire process of repeated iterations
of the Hopfield network is referred to as a ‘cycle’ of
the Hopfield network. The Hopfield network under-
lies the three approaches used in this paper. However,
in practice, this single-cycle Hopfield network typic-
ally results in a detrimentally high error, ε, for the par-
titioning (see Results and figure 2(c)). This is due to
being caught in local minima; consequently, it is not
used on its own.

2.6. Approach 1: repeated Hopfield network
A single cycle of the Hopfield network frequently
leads to localminima in theminimization. These local
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minima are often associated with distracting artefacts
in the visual field (e.g. see figure 2(c)). One approx-
imate solution to this is to simply perform single-
cycles multiple times with new random conditions,
with each new cycle beginning with different ran-
dom initial conditions. The process completes when
a chosen computational limit, Clim, has been reached
and the Hopfield cycle with the lowest ε is chosen
as the best result. This approach is referred to as
the repeated Hopfield network strategy and has the
practical advantage of being implementable in par-
allel because each cycle of the Hopfield network is
not dependent on other cycles. In principle, parallel-
ization provides a dramatic increase in speed when
implemented using an appropriate architecture (e.g.
a field programmable gate array, FPGA), though this
is not done here.

2.7. Approach 2: Hopfield network with simulated
annealing
The repeated Hopfield network approach with ran-
dom initial conditions does not build on the results
of previous cycles. Simulated annealing uses the out-
come of previous cycles as a starting point for new
cycles of Hopfield network iterations. Specifically,
each of the cycles commences with an initial guess, φ⃗,
that is associated with the lowest error solution of all
the previousHopfield cycles and combinedwith some
randomization of the values of φ⃗. This randomization
is implemented by reversing the sign of a fraction of
the elements of the partition vector, φ⃗, with probabil-
ity, Frev. This process begins with maximum levels of
randomization and then reduces to minimum levels
of randomization, allowing the solution to ‘relax’ to
its lowest level in the standard annealing fashion.

The probability, Frev, is updated throughout the
optimization according to the following annealing
trajectory that interpolates between the maximum
and minimum possible values of Frev,

Frev (n) = 0.5−
(
0.5− 1

Nr

)
(C/Clim)

x. (10)

The maximum randomization is associated with a
sign flip probability, Frev = 0.5, because the error, ε,
is the same with either φ⃗ or −φ⃗, and the minimum
amount of randomization is a single element reversal,
i.e. Frev = 1/Nr. In equation (10), C is the number of
computations completed and x determines the depar-
ture from linearity of the annealing trajectory. If x=
1, the trajectory is linear. If x< 1, the value of Frev
initially decreases more quickly than a linear traject-
ory, leading tomore cycles with less randomization. If
x> 1, the value of Frev initially decreases more slowly,
leading to more cycles with higher randomization.
The optimum value of the parameter, x, was found
to be approximately 2 and this is the value used in
the investigation. The annealing cycles continue until
the computation limit,Clim, has been reached, and the
cycle with the lowest ε is chosen as the solution.

2.8. Approach 3: Hopfield network with image
segmentation
Instead of using a random initial condition for each
Hopfield network cycle, we introduce an alternat-
ive approach that uses non-random initial condi-
tions. We base the choice for the initial condition on
the observation that, in practice, the results of using
approaches 1 and 2 tend to partition the target activ-
ity into contiguous regions of high neural activity that
are achieved with the same generator signal sign. This
qualitative empirical observation can be described as
two principles:

Principle 1: two adjacent retinal locations of high
neural activation that are not separated by lines
of near-zero activation should be stimulated
with generator signals of the same sign. In this
way, the generator signal in the retina on the
path between those two locations will not pass
through zero; passing through zero would intro-
duce undesired artifactual lines of near-zero
neural activation (figure 2(c)).

Principle 2: two adjacent retinal locations of neural
activation separated by lines of low neural activ-
ation should be achieved with generator signals
of opposite sign. This forces the generator signal
on the path between these two locations to pass
through zero, thus creating the desired region of
low neural activation (figure 2(b)).

It is apparent that these two principles describe
conventional image thresholding followed by image
segmentation. These are implemented for the target
pattern (figure 3(a)) by initially binarizing it into high
and low neural activity regions by thresholding at
33% of the maximum brightness level in that target
pattern (figure 3(b)). Note that this threshold para-
meter is later explored for its effect on the results.
The high neural activity pixels are grouped according
to their direct adjacency to other high neural activity
pixels using the function ‘bwconncomp’ in MATLAB
(figure 3(c)). Regions with a low number of pixels,
fewer than either 16 pixels or 0.5% of the total num-
ber of pixels, are removed (figure 3(d)). Low neural
activity pixels are initially set to be +1 in the par-
tition vector and high neural activity pixels are ini-
tially set either +1 or −1 using an exhaustive search
procedure described below. (Note an entirely equival-
ent approach would be to reverse the sign so that low
neural activity pixels are set to be−1 and high neural
activity pixels are initially set either−1 or+1).

The advantage of the segmentation approach is
that it is not necessary to search every possible com-
bination of pixel sign, but instead test each possible
combination of region sign. This reduces the exhaust-
ive search space from 2Nr−1 to 2Nreg−1, where Nreg is
the number of regions in the target retinal pattern,
r⃗∗, separated by connected lines of lowneural activity.
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Figure 3. Illustration of the image segmentation procedure. (a) The target neural activity pattern with 41× 41 pixels, giving a
hypothetical partition vector search space of 241 ≈ 1012 possibilities. (b) Thresholded version of the target neural activity pattern.
(c) All high neural activity regions of the pattern coloured to show each distinct region as defined by image segmentation. (d)
High neural activity regions with small regions excluded leaving 27 = 128 possible combinations. (e) The first four and last four
partition vectors, φ⃗, that were tested. Red and blue colours represent positive and negative elements of the vector, respectively.
This sample of eight vectors demonstrates the sequence of an exhaustive search for different combinations of regions of the neural
activity pattern.

In general, this represents a dramatic reduction in the
search space because there are typically fewer regions
in the target activity pattern than elements in the
target activity pattern vector (i.e. Nreg≪ Nr). In the
example illustrated in figure 3, the search is reduced
by a factor of∼1010. Each combination is used as the
initial condition of a single-cycle Hopfield network.

The principle of the segmentation search is to
decidewhich high-activity regions should be achieved
with opposite partition polarities. The combinations
of regions are tested in a particular order (figure 3(e))
to ensure that the earliest combinations tested are
those most likely to have the largest influence on ε
and thus ensure these combinations are tested within
the imposed computation limit. First, all high neural
activity regions are set to partition vector values of
−1 and the value of ε calculated, then the largest
region is flipped to be+1 and the value of ε is recalcu-
lated. Then, the largest region is returned to −1 and
the second largest segment is set to +1. This process
continues until the second smallest region has been
tested. There is no need to vary the signs in the parti-
tion vector associatedwith the smallest region as these
degenerate combinations are redundant. Table 1 illus-
trates this process for a three-region pattern. If there
are many combinations, it is possible that not all pos-
sibilities will be tested because, when the computation
limit, Clim, is reached, the process terminates. After
termination, the partition vector associated with the
lowest ε is chosen as the solution.

2.9. Model details andmeasuring computational
performance
Unless otherwise stated, the following model con-
siders a 7 × 7 electrode array with a generator signal
spread with a standard deviation of 1.5 times the dis-
tance between electrodes (σ = 0.21). This was value
was chosen to ensure that the generator signals from
each electrode overlapped. Lower and higher gener-
ator signal spreads of 1 and two times the distance

Table 1. Illustration of a partition sign search order for a neural
activity pattern with three separate bright regions discovered by
the image segmentation process. The numbers in the table
indicate the values used in the partition vector for all elements
that are associated with that region.

Partition
sign

Region 1
(Most pixels) Region 2

Region 3
(Fewest
pixels)

Trial 1 –1 –1 –1
Trial 2 +1 –1 –1
Trial 3 –1 +1 –1
Trial 4 +1 +1 –1

between the electrodes (σ = 0.14, and σ = 0.29) were
also tested.

Single neural activity pattern analysis is com-
pleted with a 41× 41-pixel target neural activity pat-
tern. Results across a set of images are completed with
1000 images from the CIFAR 100 database [26]. This
database is used because it is low resolution, allowing
for fast computation speed, and allows comparison
of the partitioning algorithms across many images of
different objects and environments.

Each partitioning algorithm is run for a set
amount of central processing unit (CPU) time as cal-
culated by the function ‘cputime’ of MATLAB. This
is equivalent to 1.04 × 1010 CPU clock cycles. The
maximum CPU time, Clim, is set to 1.56× 1011 clock
cycles, because this is found to deliver sufficient num-
ber ofHopfield network cycles to see the impact of the
search process, while also being low enough to allow
for testing of 1000 neural activity patterns in a feas-
ible timeframe. This computational limit is imple-
mented as a soft boundary; the current Hopfield cycle
is allowed to continue until it reaches its own termin-
ation condition.

Given the dimensions of the matrix M and vec-
tor φ⃗i each iteration of the Hopfield network process
requires N2

r multiplication operations. This makes
the problem of computing each iteration O

(
n2
)
. This
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applies to all three methods, the repeated Hopfield
network, Hopfield network with simulated anneal-
ing, and Hopfield network with image segmentation.
However, given that we impose a computational limit
on the algorithm termination, increasing the num-
ber of pixels reduces the number of iterations pos-
sible within the time available for each algorithm. In
general, this is expected to make segmentation more
beneficial, given that it prioritizes salient solutions.

2.10. Image pre-processing
Three standard image pre-processing approaches
were applied to the 1000 image CIFAR database to
test their suitability when combined with image par-
titioning.

(a) Each pixel below 33% of the maximum pixel
intensity was set to 0 intensity. This emphasizes
dark regions of the image increasing perceptual
prominence.

(b) Sobel edge detection was applied to the image
usingMATLAB’s ‘edge’ function. This edge detec-
ted version was then superimposed on the ori-
ginal image. This increases the perceptual prom-
inence of borders in the image.

(c) All pixels below 33% intensity of the maximum
intensity were set to 0 intensity and all pixels
above this were set to maximum intensity. After
edge detection was applied, this technique leads
to the appearance of connected lines of the kind
that the partitioning approach can create in the
neural activation pattern. These lines were super-
imposed on the original image. This increased the
perceptual prominence of borders in the image in
a way that is particularly suited to the partitioning
approach to stimulation.

In approaches B and C, the edges were emphas-
ized as regions of low intensity so as to be suited to
the lines of low-intensity created by the partitioning
approach.

3. Results

The aim of each method is to find the optimal elec-
trode stimulation currents by searching for the best
partition of the target neural activity pattern into
positive and negative generator signal values before
applying the inverse LNL model. The goal of this
investigation was to compare the methods based on
the results they provide, as measured by the ε of the
best solution found when the chosen computational
limit, Clim, been reached.

3.1. Hopfield network
In practice, there are many possible initial partitions
for a given neural activity pattern, specifically 2Nr .

In order to visualize the results of a Hopfield net-
work search process, a ‘toy’ scenario with 3 × 3 tar-
get pixels and 2× 2 electrodes is considered for illus-
trative purposes. The electrode array is modelled to
have current spread wider than the electrode separ-
ation. A random target vector, r⃗∗, of length, Nr =
9, is used, giving a partition vector, φ⃗, of length 9.
This random target image can be best achieved using
a particular partition of the generator signal pat-
tern into negative and positive regions. Given that
φ⃗i ∈ {−1,1}, there are 29 = 512 combinations of val-
ues of the vector. Each of these is labelled with a
unique number from 1 to 512. A single attempt to
find this optimum pattern using the Hopfield net-
work is completed and each step in this search illus-
trated (figure 4(a)). The Hopfield network begins
with a particular guess (labelled node 181), then pro-
ceeds iteratively to make small changes to its ini-
tial guess each of which reduce the error associated
with the solution. The search proceeds until it cannot
find any more improvements (node 224). This solu-
tion may or may not be the optimum solution. The
Hopfield network based on equation (9) is then run
for every vector combination as initial condition and
the trajectory of each run are mapped (figures 4(b)
and (c)).

It can be seen that there are six groups, each made
up of vertices that flow from nodes of high ε to nodes
of lower ε, finishing at a local minimum. Thus, the
groups can be considered to be basins of attraction,
each associated with one of six localminima, of which
two are global minima. The six groups are made up
of three sets of mirrored pairs. This mirroring effect
arises due to φ⃗ and−φ⃗ representing identical degen-
erate solutions to the inversion problemwith inverted
partition values.

The plots in figure 4(b) show the Hopfield net-
work results numerically, with the trajectories of
ε through each node shown as a function of the
number of iterations of the Hopfield network for
different initial conditions. The different plots in
figure 4(b) correspond to the three distinct basins
of attraction. Note that the first basin of attrac-
tion has the lowest ε of the three but can also take
the longest to converge depending on the initial
condition.

Figure 4(c) shows detailed results associated with
the set of iterations associated with an example single
cycle of the Hopfield network. Although a single cycle
of the Hopfield network does discover nodes of lower
error compared to the initial guess (or sometimes
equal error), it does not reliably discover the best solu-
tion from a random initial condition but can eas-
ily become trapped in a local minimum. In cases
where an exhaustive search is not possible and the
Hopfield network is applied just once, this will often
lead to poor outcomes. For this reason, optimization
with only a single cycle of a Hopfield network was
rejected.
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Figure 4. Illustrations of results for the toy scenario with 3× 3 target pixels and 2× 2 electrodes. (a) A single cycle of Hopfield
iterations. This is an example of a path through the space of values of φ⃗. Blue and red represent target generator signals of
opposite sign. (b) Graphical representation, in which each node represents the mean squared error, ε, associated with a single
combination of values of a partition vector, φ⃗. The size of each node represents the size of ε obtained when using its partition.
The vertices represent the operation of an iteration of the Hopfield network, which leads from a node of higher error to one of
lower error. The red curve is an instantiation that is shown in detail in (a). (c) The same information showing ε as a function of
the number of iterations of the Hopfield Network. Each graph from left to right is associated with each pair of networks shown in
(b) from left to right. The dots represent terminal nodes.

3.2. Approach 1: repeated Hopfield network
It is possible to perform a repeated but non-
exhaustiveHopfield network search (section 2.6). The
Hopfield network minimization is repeated multiple
times, with each referred to as a cycle. This is tested
with a target neural activity pattern of 41 × 41 pixels
and a 7 × 7 electrode array. Each begins with a ran-
dom initial condition. Cycles are undertaken until
the CPU clock cycles limit, Clim = 1.56 × 1011, is
reached (section 2.9) and then the current Hop-
field cycle is allowed to continue to its own termin-
ation, and then the lowest ε outcome is picked as the
solution.

This approach is applied using a neural activ-
ity target with three obvious regions (figure 5(a),
top insert labelled ‘Target’). The result of applying
an unpartitioned LNL inverse model (figure 1(c))
can be seen to appear as a blurred version of the
target (figure 5(a), bottom insert labelled ‘unparti-
tioned’). In the time available, three cycles of the
Hopfield network are completed. The results of each
iteration during the three cycles are shown in the
main plot, while their final neural activity patterns are
shown in the inset at right of figure 5(a). The time
gaps between the starts of the run and the starts of

the first Hopfield network cycles represent the set-
up times of the search process. The result with the
lowest ε is labelled ‘3’. The unusual regions in the
resulting pattern are highly artifactual, which is a
typical sign of a Hopfield network being trapped in
detrimental local minima. These artefacts are sim-
ilar to the Ising model phase transitions between
magnetic or crystal domains as explained in the
introduction and illustrated in figure 2(c). Avoiding
these outcomes efficiently is one of the aims of this
publication.

3.3. Approach 2: Hopfield network with simulated
annealing
The repeated Hopfield network (figure 5(a))
approach effectively throws away information from
the results of previous cycles. An alternative approach,
described in section 2.7, is to use the lowest ε solution
of previous cycles as the basis of a new initial guess for
a new cycle of theHopfield network (figure 5(b)). The
initial guess is additionally perturbed by randomly
flipping the sign of some values in the partition vector
with the contribution of the randomization reducing
during later cycles (equation (10)). This approach
of reducing randomization under repeated trials is

9
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Figure 5. Results for the three approaches for a 41× 41 pixels activity patterns and a 7× 7 electrode array. In each plot, ε is
shown as a function of each iteration of a Hopfield network. The final outcome of each cycle is indicated by an open circular
marker. The resulting neural activity patterns are shown as insets to the right of each plot along with their value of ε, where the
best outcome is the highest numbered result. The horizontal dashed lines show the value of ε that results from using an
unpartitioned approach. The vertical dotted lines show the CPU clock cycles cutoff, a soft limit of Clim 1.56× 1011. The time gaps
between the starts of the run and the starts of the first Hopfield network cycles represent the set-up times of the search process.
(a) The repeated Hopfield network approach. The two insets show the target pattern and the result of using the unpartitioned
neural activity shaping approach. (b) The Hopfield network with simulated annealing approach. (c) The Hopfield network with
image segmentation approach. The inset images show the image segmentations associated with each of the tested solutions (1–4).
The positive and negative regions are shown in blue and red, respectively.

a form of simulated annealing. The same maximum
number of CPU clock cycles, Clim = 1.56 × 1011,
was used. In this particular implementation with this
target neural activity pattern, the simulated anneal-
ing approach gave ε= 0.065, an improved result over
the repeated Hopfield network approach (ε= 0.068)
within the time allowed (figure 5(b)). This can be
confirmed by comparing the qualitative neural activ-
ity patterns resulting from the repeated Hopfield net-
work (figure 5(a), ‘3′) with theHopfield networkwith
simulated annealing (figure 5(b), ‘4′). Figure 5(b)
also illustrates that the amount of improvement over
successive annealing runs reduces markedly for later
runs.

3.4. Approach 3: Hopfield network with image
segmentation
The Hopfield network with image segmentation
approach is applied to the same three-region tar-
get pattern, as described in section 2.8. It can be
seen in figure 5(c) that this results in a greatly
reduced number of computational operations and,
in this particular case, lower ε= 0.026. The solu-
tion, shown in the inset (figure 5(c), ‘4′), is also
the obvious optimal outcome for this particular
target.

It can be seen by examining the delays before the
first iteration of the first cycle of the Hopfield net-
work (figures 5(a)–(c)) that the additional image seg-
mentation step did not significantly impact upon the
results of the image segmentation approach. It can
also be seen, by comparing the number of compu-
tations within each cycle of the Hopfield network,
that each cycle of the image segmentation approach
(figure 5(c)) is much faster than those associated

with the repeated Hopfield network (figure 5(a))
and the Hopfield networks with simulated annealing
(figure 5(b)). This is because these networks are
provided with an initial guess driven by image seg-
mentation that is already close to a local minimum of
the Hopfield network.

3.5. Comparison of the methods using a large
image dataset
The results shown in figure 5 deal with only a single
simple target image. The same process is completed
for 1000 images taken from the test set of the CIFAR
database [26]. A 7 × 7 electrode array and target
neural activity pattern of 32 × 32 pixels are chosen
for investigation. The CPU clock cycles limit was kept
at the same value, Clim = 1.56 × 1011. The minimal
ε for each of the 1000 images is compared for the
repeated Hopfield network and the Hopfield network
with image segmentation (figure 6). The results are
normalized to the ε associated with the unpartitioned
approach (figures 6(a) and (b), black line, largely
obscured in figure 6(a)).

The results across the image database are shown
in figure 6. Figure 6(a) shows results for each
algorithm ordered by ε of the image segmenta-
tion approach. Since algorithm choice for retinal
implants is not performed on an image-by-image
basis, but rather across a representative sample of sali-
ent images, the results are also shown in figure 6(b)
ordered by ε for each algorithm independently. This
allows for an algorithm-by-algorithm comparison.
When the results are shown in these ways, it
becomes obvious that image segmentation provided
the best overall results but was not the best in all
cases.
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Figure 6. The results of the unpartitioned, repeated Hopfield network, Hopfield network with simulated annealing, and image
segmentation approaches over 1000 images in the test set of the CIFAR database. ε values are shown relative to the unpartitioned
results. (a) The results of each approach ordered by ε of the image segmentation approach, allowing for comparison on an
image-by-image basis. The inset shows detail for the last 60 images. (b) The same results as (a) but with the results ordered by ε
for each algorithm independently. (c) The ratio of ε between the Hopfield network with simulated annealing and image
segmentation approaches for each image.

Of the 1000 neural activity patterns, all partition-
ing approaches gave the same unpartitioned result
in 682 cases. Of the 318 neural activity patterns that
were improved through partitioning, 169 were most
improved using the image segmentation approach, 86
using the Hopfield network with simulated anneal-
ing approach, and 63 using the repeatedHopfield net-
work approach.

The comparison of image segmentationwith sim-
ulated annealing, the next best solution, is shown by
calculating the ratio between ε for each target neural
activity pattern resulting from simulated annealing
vs. image segmentation. In figure 6(c), the images
are ordered by the magnitude of the resulting ratio.
A ratio greater than 1 indicates that, for a particu-
lar image, image segmentation provided a better out-
come than the repeated Hopfield network. It can be
seen that for those images that have lower ε for image
segmentation, the benefit is often substantial with one
image with a ratio greater than 2, while for the smal-
ler number of images that had a lower ε for simulated
annealing, the benefit was more limited with ε ratio
up to 1.36.

The data presented in figure 6 provide quantit-
ative evidence that, based on mean squared error, ε,
image segmentation is a superior choice of algorithm.
However, given that ultimately it is image percep-
tion that is important for retinal implant users rather
than a numerical measure of pixel-by-pixel spike rate
differences, it is relevant to look at qualitative res-
ults. Figure 7(a) shows a selection of three favourable
examples of image segmentation with low values of ε
relative to the unpartitioned approach. It can be seen
that the particular target neural activity patterns for
which image segmentation is particularly relevant are
those target images with narrow connected lines of
low intensity. Median outcomes and poor outcomes
for the image segmentation approach are also shown
(figures 7(b) and (c)).

3.6. Image segmentation parameter exploration
The results above relating to the image segmenta-
tion approach (figures 5–7) are for a particular set of
parameters, namely: a threshold in image segment-
ation of 33%, electrode number of 49, and gener-
ator signal spread of σ = 0.21 (where the length of
the electrode array is set to be 1). The value of these
parametersmay conceivably influence the results, and
so the effect of varying them is examined by com-
paring the improvements in outcomes in the relat-
ive ε across the 1000 images. Figure 8(a) shows that
there is an optimal range for the choice of target
image threshold level between 25% and 40% of the
maximum brightness level in the image. These selec-
tions produced the greatest number of images that
were improved by the partitioned approach, while
the choice of 10% or 50% reduced the numbers of
improved images. Increasing the number of elec-
trodes improves the outcomes for both the parti-
tioned and unpartitioned strategies but reduces the
benefit of partitioning relative to the unpartitioned
strategy (figure 8(b)). This is because the low-activity
lines induced by partitioning are more influential
in improving low-resolution images. The extent of
phosphene overlap, as defined by the spread of gen-
erator signal, does not influence ε relative to the
unpartitioned solution under the same conditions
(figure 8(c)).

3.7. Image pre-processing
Emphasizing features in images provides more
opportunity for implant users to benefit from the
low information provided by visual prostheses. Pre-
processing is a standard approach in visual prostheses.
By applying a set of standard image pre-processing
strategies, the partitioning approach was tested for its
suitability (figure 9).

In the context of pre-processed images, the
value of the partitioning approach to stimulation is
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Figure 7. Qualitative comparison of the results. (a) Three examples of the success of partitioning using the image segmentation
strategy. (b) The three ‘median’ images, those with error values closest to the median value of ε relative to the unpartitioned
approach. (c) Example images in which the Hopfield network with stimulated annealing gave a better result than the image
segmentatoin result. The value of ε relative to the unpartitioned approach is shown above each image.

Figure 8. Results of the use of image segmentation with different parameters. In each plot, the images are ordered by the
magnitude of ε. Only the best 250 image results are provided as all others had results of 1 relative to the unpartitioned approach.
(a) Results as a function of the image brightness threshold used during image segmentation. (b) Results as a function of the
number of electrodes. (c) Results as a function of the generator signal spread, σ, where the total electrode array size is set to be a
length of 1.

Figure 9. (a)–(c) Examples of the images pre-processed using approaches A–C as described in section 2.10 to emphasize
perceptual features. (d) The number of images that result in a beneficial partition under each of the three approaches to
pre-processing.
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Figure 10. The influence of the computation limit. (a) The
fraction of images pre-processed using approach C that
were best dealt with using partitioning (using either the
simulated annealing approach of the image segmentation
approach). (b) The fraction of those images that were
improved by partitioning that were best dealt with using the
image segmentation approach as opposed to the simulated
annealing approach.

dramatically increased (figure 9(d)). This outcome
appears to be due to the fundamental property of the
partitioning approach in representing isolated low-
intensity regions of a target image (figures 9(a)–(c)).

Using pre-processing approach C, different
computational limits were explored to discover
the influence on the selection of the partitioning
algorithm. It was found that image segmentation was
the most effective strategy choice with lower compu-
tation limits (figure 10).

4. Discussion

This study compares methods for partitioning tar-
get neural activity patterns into regions that should
optimally be achieved with either positive or negative
generator signals. In the context of retinal implants,
the aim of partitioning is to improve the image per-
ceived by retinal implant users by introducing high
contrast lines of low neural activity and, therefore,
perception of low intensity lines. This goal was quan-
tified by using the mean squared error, ε, between

the target pattern of neural activity and the expected
pattern of neural activity as calculated using a LNL
model.

The results in this paper indicate that image
segmentation combined with a Hopfield network
provides a large reduction in the time required to
reach low ε solutions compared to other meth-
ods, including a repeated Hopfield network or a
Hopfield network with simulated annealing. It was
shown that, given a particular image and a fixed
available computations limit, the image segmenta-
tion approach achieved lower ε solutions than the
alternative approaches in many cases (figure 6(a)).
Also, given a set of images, image segmentation
was shown to comprehensively provide a better out-
come in terms of the number of images that were
improved (figure 6(b)). This result applies both to
the fraction of images in a set that were improved
with target partitioning, and the magnitude of the
reduction in error achieved for the most improved
images.

Visual prostheses do not typically use natural
images directly as their target images. Instead they
used pre-processed images that emphasize perceptual
features such as the depth, intensity, or object edges
[27–32]. The partitioning approach was found to be
particularly effective when applied to pre-processed
images that are ubiquitous in the field of visual pros-
theses. Given these results, it is expected that parti-
tioning may be particularly appropriate for images
pre-processed to emphasize depth by using darker or
lighter image intensity combined with edge detection
pre-processing to represent the distance to objects
[33, 34].

The partitioning approach detailed in this study
improves upon the methods detailed in a previous
publication [11] that assumes that the target gen-
erator signal values, g⃗∗, are always positive. In the
present study, by allowing for negative values of gen-
erator signal, the method provides a greater number
of possible solutions.

Previous studies focus on the goal of creating vir-
tual phosphenes [19–24]. The results of the neural
activity shaping strategy presented in this study and
a previous study [11] supersede the need for virtual
phosphenes, or conventional phosphenes. Instead
the method manipulates a pattern of neural activ-
ity as a whole. However, the approach can achieve
a virtual phosphene outcome, if that is required,
by using a phosphene as a target pattern of neural
activity.

The mathematical problem of partitioning dealt
with in this paper is more broadly known as
the unconstrained binary quadratic programming
problem. This problem arises in the context of a
range of physics and optimization problems [35]
and is NP-hard [36]. There is no known way
to efficiently calculate an exact solution to these
problems and the common approach is to apply
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heuristic methods of the kind developed in this
publication [35].

The problem scales with O
(
n2
)
. This makes it

important to consider the issue of reduced time
availability (figure 10).We found that as theCPU time
is reduced the image segmentation method becomes
the preferred solution. It should be noted that the
reduction in CPU cycles explored in figure 10, rep-
resents a reduction in MATLAB computation time
from 15 s per image to 500 ms per image. In practice,
the entire process must be concluded in the order of
30ms, something that we expect can be achieved with
optimized code running on an FPGA.

Although this study used all electrodes to sim-
ultaneously manipulate the entire pattern of neural
activity, the method could be implemented semi-
sequentially. This would be achieved by dividing the
target image and electrode array into sub-sets which
can be calculated and applied sequentially. This is a
topic for future work.

In this study, the partitioning approach was com-
bined with the neural activity shaping algorithm. It
may alternatively be possible to use the partitioning
algorithm in combination with the simpler conven-
tional stimulation strategy. Under this approach, the
image segmentation would be undertaken to decide
the polarity of the target generator signal. The con-
ventional approach, applied simultaneously, could
then be used as usual. Experimental validation of the
results of these approaches is an area for further work.
The neural activity shaping strategy, either under the
partitioned or the unpartitioned approach, is sensit-
ive to the numerical measurement of the phosphene
shapes contained in the inversion matrix W [11]. It
is possible that this would not be less so when com-
bined with the conventional down-sampled strategy
because it does not require knowledge of the numer-
ical values of the phosphenes. This is also an area for
further work.

It is important to note that the three algorithms
compared in this study were each computed as a
serial process, with each additional cycle of the Hop-
field network run after the previous one had finished.
While this is a necessity for simulated annealing,
where later cycles of the Hopfield network depend on
the results of earlier cycles, it is not a necessity for the
repeated Hopfield network or the image segmenta-
tion approach. These two approaches could be com-
puted in parallel, leading to very large reductions in
real time of computation, proportional to the number
of threads available in the hardware used. This pos-
sibility does not change the results of this study; how-
ever, it does provide an opportunity for future work
to investigate the further reduction in time available
from parallelization.

Previous experimental results examining the
neural response in retinal cells have found that most
two-electrode interactions are linear [37]. These res-
ults suggest that the neural activity shaping strategy is

highly suited for use in retinal implants. In these stud-
ies, a small subset of the interactions were found to
be highly nonlinear; an example is the neuron shown
in figure 5(a) [37]. This cell appears to be entirely
dominated by the level of one electrode or another,
without any summation between the two. The neural
activity shaping strategy, either unpartitioned or par-
titioned, is not capable of modelling the effects of
these kind of cells. However, these cell types were a
small minority of the total cell population investig-
ated in that study. Note that the present study relies
on experimental results that justify the choice of the
LNL model [12, 13].

Given that the partitioned strategy has the capa-
city to induce complex patterns, it might be thought
that the results are only applicable to arrays with large
numbers of electrodes. However, this is not the case—
the partitioning method is also applicable with low
numbers of electrodes (figure 8(b)). This is because,
with few electrode numbers, the alternative strategies
result in very low resolution and, for certain target
neural activity patterns with low activity lines, the res-
ulting pattern could be dramatically improved by a
partitioning approach. It may also be thought that
the method only applies to devices with a low num-
ber of electrodes and not to high density electrode
arrays. However, the benefits of the method depend
on the existence of overlapping phosphenes and not
the number of electrodes. Higher density electrodes
are, by definition, more likely to have overlapping
phosphenes, making partitioning more relevant to
higher density electrodes than low density electrodes.

In this study, there appeared to be little difference
between the repeated Hopfield network approach
and the Hopfield network with simulated anneal-
ing approach when compared across a population of
images. Asmentioned above, this result would change
in favour of the Repeated Hopfield network approach
were it to be implemented in its parallel form. It is
also possible that simulated annealing is better for tar-
get neural activity patterns where the global minima
is influential across the whole search space. Specu-
latively, this situation may be associated with com-
plex images with many separable regions in the target
neural activity pattern.
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