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Abstract— This paper describes the design and operation of a 

system which can be used as a Visual to Auditory Sensory 

Substitution Device (SSD), as well as the front-end of a real-time 

retinal prosthesis (RP) or Vision Augmentation (VA) system. 

Such systems consist of three components: a sensory block to 

capture the visual scene, a processing block to manage the 

collected data and generate stimulus patterns, and an output 

block. For the sensory block we use a Dynamic Vision Sensor 

(DVS) instead of a conventional camera. A microcontroller is 

used as the processing block, which receives asynchronous inputs 

from the DVS in the form of ON/OFF events and treats them like 

post-synaptic potentials. A simple algorithm based on an 

Integrate & Fire neuron model is used to emulate temporal 

contrast sensitive Retinal Ganglion Cells (RGCs). For an RP 

system the output would be an implanted electrode array, 

whereas for the SSD a sound is activated based on a certain 

mapping algorithm. The results are shown in the form of ON or 

OFF events on the LED matrix (equivalent to the stimulation 

pattern on an electrode array in the case of an RP), and in the 

form of a stereo sound output. 

I. INTRODUCTION 

Sight loss can vary in severity from total blindness to minor 
visual impairments, caused by a number of conditions such as 
Retinitis Pigmentosa (inherited), Macular Degeneration (age 
related), diabetic retinopathy (comorbidity) and eye injuries 
(accidental damage) [1]. Correspondingly a wide range of 
approaches have been developed to cure or alleviate these 
conditions including retinal implants (invasive) [2], gene 
therapy (semi-invasive) [3] and Sensory Substitution Devices 
(non-invasive) [4]. This work presents a novel neuromorphic 
front end system which can be used either as a Visual to 
Auditory SSD, a front-end of a retinal implant (RI) or as a front 
end of any other RP/VA system, spanning the spectrum of 
therapeutic approaches.  

  In the case of an implant, the stimulation signal is a small 
electrical impulse  transmitted to the healthy neurons on the 
retina, eliciting white flashes of light (phosphenes) [5]. On the 
other hand an SSD is using other senses, such as sound, or 
vibro-tactile stimulus to transfer signals to the brain. 

  In each case, the video processing unit should replicate 
some of the functions of the retina such as gain control, 
temporal contrast, motion detection, and edge enhancement. 
Simple image processing for existing RP and SSD systems are 
based on pixelisation (decimation) of images acquired by a 
conventional camera [2]. In these systems the stimulus signal is 
proportional to the average illumination in the ―receptive 
field‖. More advanced image processing designs include a 
retinal encoder with tuneable spatiotemporal filters [6], DSP 
systems and custom-built retinomorphic chips [7].  

 While users of an SSD system, such as the vOICe [4], can 
perform well using pixelised images, these systems transfer a 
lot of redundant information, as static images (e.g. large bright 
areas such as background light reflected from buildings and 
walls) create constant stimulation. Additionally motion 
detection can be really difficult with such systems, as the 
processing is not real-time.  

 Additionally, there are problems occurring, when pixelised 
images are used as inputs for implants. The human retina 
separates the visual input into ON and OFF pathways, which 
are even physically segregated within the inner plexiform layer 
(IPL) [8]. Hence the conventional stimulation protocols are 
indiscriminately and simultaneously stimulating a random 
assortment of both ON and OFF-type RGCs. Ultimately the 
resulting stimuli are unnatural and difficult to interpret by the 
visual cortex. Conclusively, both of the aforementioned 
systems could be significantly improved with a new type of 
front-end system that uses a more retinomorphic approach 
instead of pixelisation. 

 Here we demonstrate a low-power RP system with the 
input based on an eDVS [9]. The sensor measures changes in 
intensity at each pixel and gives an asynchronous output in the 
form of events, based on their spatial location [10], more 
closely mimicking retinal function than conventional cameras. 
The events have a polarity (ON or OFF) giving the system the 
potential to overcome the limitations of conventional cameras 
by matching the events to the appropriate RGCs. Furthermore 
DVS eliminates the frame concept entirely, and produces an 
asynchronous data flow similar to human retinas. Taken 
together, these properties of such a neuromorphic system also 
make it likely that its output will be more readily ―understood‖ 
by the brain, in case of both SSD and RI devices [9].  

 Additionally the DVS has several other advantages 
compared to conventional image sensors such as wide dynamic 

range (e.g. 120dB for DVS128 [10]), low latency (15 s) and 
high bandwidth. It operates under uncontrolled illumination 
and it is capable of working under moon illumination (<0.1 
lux). This is particularly important for VA applications when 
low light illumination conditions could completely prevent any 
use of residual vision.    

 Use of the 8x8 LED matrix in our design has dual purpose: 
(1) to visually demonstrate the stimulation patterns in the case 
of an RI and (2) as a (bright) video display for a VA system. It 
could also be replaced by a higher resolution LED array for 
VA applications, or an LED array that is part of an optogenetic 
RP system [11]. An optogenetic RP uses opsins (e.g. 
Channelrhodopsin-2) to render neural cells sensitive to light 
such that light can then be used to modulate their activity [12]. 



II. SYSTEM DESIGN AND IMPLEMENTATION 

The designed system comprises a recording unit in the form 
of an event-based embedded DVS (eDVS) camera [13], a 
PIC18 developer board containing a microcontroller as the 
processing unit, an audio input, represented with an Arduino, a 
volume controller unit, and an 8x8 LED matrix, see Fig.1. The 
LED matrix is used to output the stimulation pattern that would 
be presented on the electrode array of an implant. 

The microcontroller processes events received from the 
eDVS and forwards the stimulation patterns both to the LED 
matrix, and to the volume controller unit of the SSD. Currently 
the algorithm mimics simple Integrate-and-Fire (IF) neurons, 
but more complex types of RGCs can also be emulated, such as 
Approach Sensitive RGCs [14].  

eDVS camera: The eDVS records data from the visual 
scene and sends pairs of characters (events) to the 
microcontroller in a continuous manner. Each event consists of 
a 2-byte (16-bit) word, in the following order 1YYYYYYY-
PXXXXXXX. The 7-bit x and y-addresses represent the 
address in a 128x128 matrix, and the letter P represents the 
polarity (ON/OFF) of the event. 

The eDVS camera originally operates with a baud rate of 
4M bits/s, but in order to match the capacities of our output 
system we had to reduce it to 115200 bits/s. Even though this 
resulted in receiving significantly less events, the output can 
still be interpreted. We note that this has been done only for the 
purpose of development, and does not represent any loss of 
generality in using the same concept but at higher speeds.  

Development Board: For implementing the algorithm an 
80-pin high performance microcontroller (Microchip 
PIC18F8722) was selected, which is soldered onto the 
PICDEM PIC18 developer board.  

Communication: The camera is connected with the 
microcontroller using the UART communication port on the 
developer board, with the baud rate of 115200 bits/s. The LED 
matrix is connected to the microcontroller using the SPI2 port, 
while the volume controller unit uses the SPI1 port. 

LED matrix: In order to visualize the output of the 
processing algorithm, an 8x8 tri-colour (RGB) LED matrix was 
chosen from SparkFun. Two colours are used to indicate 
different events, with yellow corresponding to ON type and 
blue corresponding to OFF type. The default firmware takes 
input via the SPI interface. The time to transfer the data from 
the microcontroller to the LED matrix depends on the 
maximum possible clock frequency of the SPI protocol, which 
in this case is 125 kHz. The driver takes input for a whole 
frame (all 64 LEDs), therefore we have to send 64 bytes of data 
(8 bits per LED) consecutively, even if that requires just 
switching on one LED.  

As every time an SPI communication is initiated a delay of 

500s is needed to prepare the chip for incoming data, it takes 
the system approximately 5ms to send out a new frame. 
Theoretically it would be more efficient to use an address-event 
(AE) representation based output system, than to send out 
whole frames, however in this particular system, due to the 

aforementioned 500s delay, the output would be significantly 

slower if all events were to be sent separately. The LED matrix 
only serves to illustrate a real stimulator interface and as the 
method of outputting events does not affect the processing 
method, we have decided to accept this limitation, and use the 
5ms SPI communication time as an acquisition time for the 
incoming events. We note however, that more biologically 
accurate time windows would be closer to the RGCs memory, 

which is in the region of 200–300s [15]. 

Audio input: The 8 fixed audio input were created using 
Pulse Width Modulated (PWM) signals with different 
frequencies and duty cycles. 6 inputs are supplied from the 
PWM outputs of an Arduino Duemilanove, and two of them 
are supplied from the PWM outputs of the PIC development 
board. 

Volume controller unit: In order to be able to 
independently, and simultaneously control the volume of 8 
audio channels, four TI-PGA2311 volume controllers are used. 
Correspondingly to their orientations (left/right), the outputs 
are summed up, with two summing amplifiers. The resulting 
stereo output is connected to a stereo headphone. 

SounDVS android application: While the previously 
described hardware have quite a few advantages, a more 
simple, robust and flexible solution can be achieved by 
implementing the exact same processing algorithm as an 
Android application. This solution was based on the online 
available, open source AndroideDVS application [16]. The 
physical connection between the camera and the phone was 
carried out through connecting a mini-USB B to USB-B cable 
with an USB A to micro-USB B.  

In comparison with the previously described system, the 
application ―replaces‖ the LED-matrix with a 4x4 Bitmap 
output, and it replaces the Arduino sound input with 
simultaneously played, looped audio files, where each channel 
plays a single tone.  Both the microcontroller, and the audio 
control circuit are replaced by Java functions, but their 
algorithm is exactly the same as it is at the hardware solution. 

 

Fig. 1. Fig. 1. Proposed SSD system consisting of a DVS camera, a 

microcontroller, an audio input, a volume controller unit, and an LED matrix 

to stimulate RGCs.  



III. ALGORITHM 

In the current simple model, the 128x128 address matrix of the 
eDVS events is mapped to the 4x4 representation of the LED 
matrix, by discarding the last five bits of the eDVS events. 
(When only the LED matrix is applied, it can be 8x8, but for 
simplification reasons, we used it as 4x4). In this way each 
RGC has an effective ―receptive field‖ of 16x16 (in case of 
only using the LED matrix) or 32x32 DVS pixels. These 
scaled addresses are then used to define indexes in a 4x4 
counter array, and the corresponding counter value 
increases/decreases depending on the intensity (Fig. 2).  

 

Fig. 2. ―Receptive field‖ grids of individual RGCs. Each RGC receives input 
from 16x16 eDVS pixels. Events from the receptive field of each RGC are 
summated and if they reach the threshold for either ON or OFF events, the 
corresponding LED is lit up.  

For neuromorphic processing, i.e. the RGC model, we use a 
simplified version of the Integrate-and-Fire neuron model [14]. 
The ‗synaptic inputs‘ are ON and OFF events, quantified as +1 
and -1, summated from the addresses that correspond to the 
receptive field of each RGC. If a certain threshold (NON/NOFF) 
is reached, an ON/OFF RGC is activated, which is represented 
with a yellow/blue LED. Threshold levels are adjusted 
adaptively, so that only those events can be outputted that reach 
90% of the maximum counter value, making it possible to use 
the system in different light conditions and setups. As the 
system focuses on directional changes, the two types of events 
provide mostly redundant information, current implementation 
of the audio system uses only ON events. 

Audio output: Similarly to other Visual to Audio SSD systems 
[17], our system also uses discrete frequency and volume 
levels, and takes advantage of stereo headphones. 

The 4x4 matrix of RGC‘s is mapped into a 4x4 matrix at each 
ear, where the y-coordinate is represented with a discrete 
frequency level, and the x-coordinate is represented with a 
certain volume weight see Fig 3. At the end of every 
acquisition period (at every ―frame‖), the weights of a certain 
frequency level are summed up, and the corresponding volume 
level of that given frequency is activated. The tones are 
activated simultaneously and independently.  

Choice of frequencies: In order to make the stereo output more 
comprehensible, the frequency levels at the two ears are 
slightly different, but they are in a close range. In the left ear 
musical note C3, C4, C5 and C6, and in the right ear A2, A3, 
A4 and A5 can be heard. 

Choice of volume weights: The volume weighting in the two 
ears are inverted (see Figure 3). This way the user can literally 
hear how an object moves from the left to the right. In order to 
avoid getting the same summation result from different 
activation patterns, the volume weights are chosen to be: 
V0=0, V1=1, V2=2, and V3=4. 
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Fig. 3. Mapping and summing algorithm. Each shade of the blue color 
represents octave differences between the musical note C, and each shade of 
the red color represents octave differences between the musical note A. The 
volume increase is represented by the height of the coloured bars. The leftmost 
located object has the strongest volume for the left ear and then the volume 
gradually decreases as the position of the object moves to the right. 
Corresponding mapping has been implemented for the right ear.  

IV. RESULTS 

In order to test the system, a number of simple visual 
inputs were created, and they were compared with the output 
on the LED matrix (or the app screen), and with the audio 
output. The simple stimulation patterns were white shapes on 
a black background. All of them were created with MATLAB

TM
, 

and displayed on a 21.5-inch LED screen of a PC. In every 
case we have tested several different scenarios: the pattern 
object was static, blinking (changing colour from black to 
white), moving, or shaking (small movements). As a general 
result, we have found that directions of movement were easily 
recognizable in every case regardless of the shape and the 
speed. Shaking objects were easier to recognise on the LED 
matrix than blinking or static patterns. In the case of static 
objects, after a short period of time, the pattern disappeared 
and it wasn‘t visible/hearable. This is expected behaviour 
since we use a DVS camera, which registers temporal 
contrasts. An example of the output pattern can be seen in Fig. 
4, with more examples available in an online video [18]. A 
live demonstration of the system was presented in [19]. 



 
Fig. 4. a) A blinking letter L. (b) jAER viewer picture.(c) LED matrix 
representation 

V. DISCUSSION 

The use of a DVS camera in an RP/VA/SSD systems 

enables many new design choices, and creates opportunities 

for further developments. It has many advantages, however 

some limitations still exist leaving scope for improving the 

design. 

Advantages: This system represents an entirely novel 

approach, with taking advantage of the features provided by 

the DVS camera, such as real-time processing, and 

asynchronous behaviour, making it possible to hear 

movements in real-time, without uninformative stimulation 

caused by large bright areas. Also the simple algorithm makes 

it possible for users to interpret a simple output with 

practically no training period. More complex scenes would 

still require training, but even in this case the period would be 

shorter.  

Also, by only responding to temporal contrasts, the power 

consumption of the system is reduced (the camera consumes 

only 23 mW) and thereby confers several important properties 

for an RP system. It has the potential to create a much more 

efficient (longer time between recharging), safer and more 

accurate system for the restoration of vision, than any of the 

already available solutions. 

 Furthermore, one of the main barriers to improving 

resolution for retinal implants stems from the risk of damage to 

the healthy cells of the retina, through receiving too much 

current from the implant‘s electrode array. An event based-

system reduces this risk through only injecting current upon 

event detection. Conversely, for a fixed risk level (current 

envelope) larger electrode arrays can be implanted since they 

will be active for less of the time 

Disadvantages: Due to the photoreceptor circuit, the eDVS 

records some noise, which cannot be entirely eliminated 

through the integrate-and-fire neuron model. This sometimes 

leads to erroneous spikes. Additionally, at the current state of 

the SSD system, only directions of movements can be 

recognised. Further development is necessary in terms of 

resolution and usability. Due to the constraints on the 

acquisition time, only a simple integrate-and-fire model can be 

implemented on this system, highlighting the event-processing 

algorithm as a clear area for improvement in future work.  

In general, most of the encountered limitations can be 

easily rectified with further development in terms of larger 

memory chips, a faster processing unit, and improved 

algorithm.  

VI. CONCLUSION 

In this paper a proof-of-concept for a low-power, real time 
sensory substitution system was demonstrated, using 
neuromorphic hardware with several desirable retinomorphic 
properties. The proposed system can also be a front end of a 
retinal implant a visual augmentation system. Even though the 
system in its current stage is relatively simple, many further 
developments are possible in terms of implementing other 
neuromorphic models, and increasing resolution. Furthermore, 
in addition to using this system as an SSD, These 
improvements will be the subject of our future work on this 
very promising system.  
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