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ABSTRACT
Electrically stimulating prosthetic vision devices offer a potential therapy to blind individuals. There are currently two
multi-centre trials of devices by Second Sight Medical Products, and by Zrenner’s group at University of Tuebingen. In
Australia, Bionic Vision Australia has a retinal implant trial
with three patients. Current implants provide restricted information for implantees, and some limitations are likely to
remain in the future. To provide a substantial benefit to individual’s abilities to perform key tasks such as orientation and
mobility, activities of daily living, reading and face recognition there is much work to be done. Vision processing’s role is
to ensure the key visual information is available to undertake
tasks given these limitations. This paper frames the background and challenges in vision processing for implantable
prosthetic vision, and gives an overview of recent work.
Index Terms— Visual prosthesis, Vision processing for
implantable prosthetic vision, blindness, retinal implants.
1. INTRODUCTION
In this paper, we introduce vision processing for implantable
prosthetic vision. We frame the problem in the context of
blindness and the clinical data of what implantees see when
stimulated using implantable prosthetic vision.
Blindness and low vision are key causes of disability and
health burden, the estimated cost of global vision loss is almost US$3 trillion [1]. Therapies such as implantable prosthetic vision aim to provide a benefit to patients by enabling
key abilities that otherwise form barriers to independent living. From focus groups, and other research (e.g., [2]), these
include face and expression recognition, reading (including
packaging, signs and numbers), and orientation and mobility.
A number of trials have been conducted of electrical stimulation of the human visual system. One of the earliest reports is from D’Arsonval in 1896 with an electric coil held
near the head. Research in implantable visual prosthetic devices began in earnest in the 1960’s when Brindley and Lewin
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implanted a cortical stimulating device in a human subject
[3]. Implants have been trialled in human subjects also in
the optic nerve [4] and several positions in the retina, specifically, suprachoroidal, (e.g., Bionic Vision Australia, clinicaltrials.gov/show/NCT01603576), subretinal (e.g., [5]), and
epiretinal (e.g., [6]). Other prosthetic vision devices that do
not require implantation have been proposed, particularly using sensory substitution [7], including object sonification [8]
and tactile and tongue displays. The vision processing approaches described here can also be relevant to a broader category of assistive vision devices.
A phosphene is a sensation of light produced by direct
stimulation other than by light1 . This is electrical stimulation
in implanted prosthetic vision. We briefly summarise reports
of implantable prosthetic vision, particularly from the multicentre trials, see [9] for a review. Phosphenes are often small
in size and appear in a consistent retinal position. With varying parameters of stimulation, implantees report being able to
differentiate apparent levels of intensity. [10] reports patient
drawings showing mostly round, and occasionally elongated
shapes, with patients able to resolve up to 5-7 levels of noticeable difference. [11] shows different shapes of phosphene,
which change shape with stimulus parameters. [12] reports a
spatial map of phosphenes that results from an implanted 16
electrode epiretinal array, showing single phosphenes resulting from most electrodes, at locations that largely follow array
position (with some distortion and re-ordering), and up to 10
separate levels of noticeable difference. There are also limitations to speed of stimulation, such as fading where sustained
stimulation fades out. Zrenner [5] reports that most subjects
had an update frequency set to 5Hz, with one as low as 1Hz.
Acuity tests measure the spatial resolution of vision. [6]
reports grating acuity results with 28 participants, implanted
with a 6x10 electrode array that projects to 20 degrees in the
diagonal on the retina, with a matching angle of input from the
camera. Seven participants reported acuity above screening
value, and the best reported acuity of 1.8 logMAR, approximately 1 cycle per degree. This is greater than would be
predicted by sampling theory for a single image, and matches
results reported for simulated prosthetic vision adjusted for
phosphene density (e.g., [13, 14]). In [5], a diagonal 1500
electrode subretinal array projects to 15 degrees retinally,
with a matching angle from the camera. The best grating
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acuity result reported was 3.3 cycles per degree, though the
authors treat this result with caution.
We may summarise the implications of implantee perception reports as follows. The best results show an ability
to resolve the world at approximately one phosphene per
electrode. There is much variation in the appearance of
phosphenes, the simplest form reported is approximately
circular, which [9] uses as a standard model for simulated
prosthetic vision. Phosphenes lead to at most around 10
levels of noticeable difference. The phosphenes are approximately aligned with the retinal position of the stimulating
electrode.
2. CHALLENGES FOR PROSTHETIC VISION
[15] defines vision processing for prosthetic vision as a downsampling function, particularly in space and dynamic range.
Each phosphene represents a finite area of visual space. The
role of vision processing is to preserve information that enables tasks that are critical to restoration of independent living
and quality of life of the individual. Generally, information
may be lost due to an object being smaller than the corresponding visual field. In many controlled experiments in the
literature, the scale of the visual task is controlled by using
large visual targets at a distance, or having small distances to
the workspace so that objects are clear in the phosphene image. This is not generally possible in real-world tasks. Further
loss can occur in the reduction of dynamic range. Most trials
in the literature are conducted in so-called high contrast environments. These are largely black and white, and thus likely
to be quantised to different levels in a naive dynamic range
downsample. Again, most real-world environments contain
elements that are not high contrast. The challenge here for
vision processing is to perform adaptive quantisation so that
critical contrast is preserved. For example, keeping a low contrast trip hazard visible in the perceived phosphene image by
ensuring the corresponding phosphene has distinct contrast
from its neighbours.
The dynamic range problem presented by prosthetic vision is closely related to tone mapping, where high dynamic
range images are reduced for visualisation on standard visual
displays. However, rather than reducing from large numbers
of input image levels to a few hundred, in prosthetic vision it
must be reduced to ten or less. Tone mapping approaches such
as [16] ensure large local contrast in the input image is preserved in the output image, but directly, these will only help if
key objects are well contrasted in the input image. Otherwise,
this requires a scene understanding approach to identify critical objects, and then an approach to ensure contrast between
those and their background is preserved. It is also then important that such boundaries are stable in video to prevent flicker
in the output display. Histogram equalisation is not adequate
as object/background contrast may still be lost.
Key issues may be summarised as:

• the trade-off between field of view and resolution;
• scene understanding to identify and segment semantically important objects to ensure visibility;
• object aware quantisation that maps contrast of important objects to the perceptual experience of the individual; and,
• maintaining stability of the display over time, including
preventing flicker in video.
It should be pointed out that limitations of dynamic range
and resolution apply to many possible visual prosthetic devices, including sensory substitution devices.
3. PERFORMANCE IN CLINICAL TRIALS
The two multi-centre trials show the most significant functional vision outcome results to date. In Zrenner et al., [5],
most participants were successful at tasks including: light
perception, light localisation, motion detection, and grating
resolution. 5/9 patients reported implant-mediated visual perceptions in daily life. For other tasks, the success numbers
were lower, for example, letter reading 4/9. Humayun et al.,
[6] reports percentage successful on tasks of 28 patients: object localisation (96%), motion discrimination (57%), and discrimination of oriented gratings (23%). For orientation and
mobility, overall participants showed statistically significant
improvement vs system off on tasks of moving to a black door
across a white room, and following a contrasted line.
4. CURRENT PROGRESS IN VISION PROCESSING
FOR IMPLANTABLE PROSTHETIC VISION
As the number of phosphenes is low compared to the incoming image, aliasing can be an issue in downsampling. A classical image processing approach is use an antialias filter to
remove frequencies above the Nyquist limit. Both Lanczos2
[14] and local averaging [13] have been applied and show improved acuity test results with filtering in simulated prosthetic
vision. These are consistent with acuity results in the human
implanted trials described above.
Other image processing approaches have been proposed
to address downsampling in some way. These include sets of
spatio-temporal filters [17], contrast and brightness enhancement, histogram equalisation, edge detection, and morphological operators (e.g., [18, 19]). Papers have also proposed
biologically inspired approaches including retinal processing
[20], including the silicon retina [21], and space variant processing [22].
Specialised processing approaches have also been developed. [23] propose anisotropic filtering and negative image
overlay to give a type of cartoonisation, and apply image expansion to regions labelled by bottom-up saliency. Saliency
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was proposed for cuing implantees to important objects that
are outside the field of view [24], and to highlight groundbased trip-hazards [25]. Obstacle detection and simultaneous
localisation and mapping were applied to guide a user on a
safe path using vibration motors on the shoulders to supplement implanted prosthetic vision [26]. Obstacle avoidance
has also been demonstrated using a fast technique for segmenting isodisparity curves to find a ground-plane and the
boundary with objects [27]. Objects and boundaries are then
augmented, ensuring boundary contrast is maintained in the
quantisation to phosphene levels [28]. Just noticeable difference optimisation can ensure object boundary visibility, while
still maintaining efficient use of the limited dynamic range of
phosphenes [29]. Using an RGB-D camera and tracking, a
system that displays depth and contrast edges in a phosphenebased display that simulates a cortical device was shown by
[30]. Also, for navigation, a method that displays the timeto-contact of incoming objects as the intensity of phosphenes
has been proposed [31].
Face recognition is a key task, and modest improvements
in performance have been shown in simulation with moderate
numbers of electrodes [32]. Here some edge enhancement
was shown to potentially improve performance. To assist
resolution problems, interactive zooming for faces (or other
known objects) fixation has been proposed [33]. Vision processing for a non-implantable face detection and recognition
system was demonstrated in [34]. Segmentation followed by
forcing contrast can ensure objects with low contrast boundaries can be clearly seen in prosthetic vision [35].
Vision processing can also be incorporated into nonimplantable visual prosthetic devices. Proposed systems
include: classifying fabric type to allow a user to be told the
textural appearance of cloth [36]; currency reading [37]; and,
tracking of movable objects in the environment [38].

chophysics: round phosphenes (generally Gaussians) that
vary with brightness and size with increased intensity resulting from changing stimulation parameters. Lieby et al. [40]
contribute fast methods for simulation rendering showing a
real-time display for large numbers of phosphenes.
6. THE FUTURE OF VISION PROCESSING FOR
IMPLANTABLE PROSTHETIC VISION
Currently, a number of groups are conducting human trials,
with products now available. However, significant progress
is required so that implantees can use this vision effectively
to complete a range of everyday tasks. Although the number
of electrodes and phosphenes that implantees see will expand
slowly, this is not enough in itself. Vision processing can contribute to addressing the gap by allowing individuals access to
key information when the number of phosphenes and levels
are limited.
Over the next five to ten years we will see devices emerge
that improve performance for tasks that are important to quality of life of the individual. The key problems for the future
of vision processing is ensuring the fidelity and information
content and stability over time of the visual experience of the
implantee. Vision processing must identify objects important
to task performance and ensure their visibility. This means
understanding and augmenting the scene, however, any model
cannot become misleading through being out of coordination
with the current image, and so must be used to modulate the
image through augmentation rather than replacing the image.
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