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Abstract. Vision substitution by electro-stimulation has been studied
since the 60’s. Camera pictures or movies encoded in gray levels are dis-
played via an electro-stimulation device at the surface of a body part,
e.g. the skin or the tongue. Medico-technical devices are developed on
this principle to take care of sensorimotor handicaps like blindness or
equilibrium, or to guide precise acts like in surgery. We propose here to
reduce the complexity of the displayed information to vectorial encoded
2D, but also 3D, scenes projected on the tongue via a Tongue Display
Unit of 12×12 electrodes. Such vectorial encoding presents the advan-
tage to furnish to the subjects only useful informations so as to increase
the quality of recognition of 2D or 3D scenes and to reduce their cog-
nitive load, i.e. the latency of time-to-recognition of such scenes. In the
present experimental trimodal (normal vision, TDU vision substitution,
or both) study on healthy people we show that the subjects are able
to perceive correctly the orientation of motionless sparkling lines and to
follow the trajectory of moving objects into dynamic 2D or 3D scenes.
These experiments also allowed us to show the influence of the vision
modality: standard deviations on the answers, moving object tracking
accuracy, and response times increased consequently in case of bimodal
stimulation.

Keywords: Vision, sensory substitution, electro-stimulation, tongue,
TDU, object tracking, vision modality

1 Introduction

Sensory – and in particular visual – substitution paradigm was introduced by
Starkiewicz and Kuliszewski [22, 23] and followed actively by Paul Bach-y-Rita
in the 60’s [1]. This paradigm supposes that, when a biological sensory system is
defective (e.g. vision), the information to which it is related can be (i) grabbed
by an artificial sensor (resp. a digital camera), (ii) converted into a different
physical stimulation that can be exploited by a functional biological sensory sys-
tem (resp. the tactilo-kinesthetic system), and then (iii) handled by the central
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Fig. 1. Two different approaches of vision substitution with a TDU. (A)
dummy surgery under TDU-based guidance. The figure shows (a) the TDU ribbon
and matrix, (b) the needle and its reflectors that allow to record with a stereoscopic
camera its orientation and position during the manipulation, (c) the body and its
target, (d) the TDU control case, (e) the current orientation of the needle, (f) the ideal
trajectory (and orientation), (g) the tolerance tube, (h) electrodes activated in the
north-west corner indicating the deviation from the good trajectory, and (i) inactive
electrodes. The surgeon has to make a puncture in a target with a needle. His deviation
of trajectory from the entry point to the target are displayed on the TDU matrix.
To reach the target, he has to maintain the gap to the optimal trajectory to the
minimum. (B) A 3-dimensional video game encoded for a 12×12 TDU matrix. The
environment contains several obstacles represented by vertical pillars of same height
and some moving ’creatures’ represented by singles moving points (a creature is visible
in the foreground). The closer the objects are, the brighter they appear (the more
intense the voltage is).

nervous system via the corresponding nervous paths (resp. somesthetic nerves).
In practice, camera pictures or movies encoded in gray levels are displayed via
an electro-stimulation device at the surface of a body part, e.g. the skin or the
tongue. Medico-technical devices are developed on this principle using a TDU
(Tongue Display Unit) consisting of a control box and a square matrix of about
10×10 electrodes (or taxels for tactile pixels) to take care of sensorimotor hand-
icaps like blindness or macula degeneracy due to aging [1, 2, 20, 16], to allow
equilibrium rehabilitation [26, 25, 27, 28], to prevent the formation of pressure
sores [26, 7, 6],or even to guide precise acts of surgery (Fig. 1 A) or other acts of
trajectory tracking or of target localization requiring a guiding assistance [19, 18,
3]. A survey of all these points is discussed in [24]. There are two manners to
transmit informations – about the environment – via a TDU to someone blind
or having the vision occupied (like a surgeon concentrated on his surgery or a
pilot on his flight). The way first chosen by Starkiewicz and Kuliszewski [22,
23] and Bach-y-Rita et al [1, 2] and followed by several other groups working
on vision substitution [20, 12, 16, 8, 11], i.e. a direct reproduction of visual infor-
mation after acquisition by a video camera, allows a certain autonomy to the
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subject who can ’see’ the scene (e.g. a moving ball or a climbing wall), identify
important informations, and interpret it so as to move carefully or to manipulate
the objects in his environment.
The other way is to guide the subject by sending him synthetic informations on
the direction to follow (e.g. “go left“, “go right“ ...) or the deviation he does (e.g.
“you are too much to the left“, ...), by activating some selected electrodes in the
matrix proportionally to the significance of the information to give. For exam-
ple, to guide an operation of puncture in a target organ with a needle [19, 18],
electrodes are activated on the side of the matrix corresponding to the orienta-
tions of the needle compared to the ideal direction to follow and the intensity is
proportional to the gap between these two directions (Fig. 1 A). However, using
orders is not adapted to the research of a certain autonomy for blind people.

An intermediate between real scene reproduction acquired by a digital cam-
era and synthetic informations (e.g. deviation intensities, orders) is to furnish
synthetic spatial or directional informations to the subject to help him navigat-
ing in a virtual environment representing the real environment [9, 4]. Based on
this approach and taking into account our recent results showing that a sparkle
effect enhances the sensitivity of perception of vectors drawn on the TDU [5],
we developed a 3–dimensional video game at the first person containing a vec-
torial description of an environment and moving objects (Fig. 1 B). Our idea is
that real scenes acquired by a digital camera could be vectorized so as to reduce
their complexity, or that is some acts aiming to target an object or requiring a
spatial reference, vectorial scenes could also be used instead of guidance. Our
preliminary studies showed that the subjects learn very quickly (within a few
minutes) to move in such an environment (for the moment by using a keyboard
and a mouse like in classical 3D video games), to avoid the obstacles, go through
’buildings’, identify structures and follow or avoid moving objects. It is very
similar to the first 3D video games like Maze War (1974, NASA Ames Research
Center), Spasim (1974, by J. Bowery), or the very popular games of the early
80’s, Battlezone (1980, by E. Rotberg, Atari) and Elite (1984, by D. Braden
and I. Bell, Acornsoft) that really plunge the gamer in a virtual 3D environ-
ment, whatever the quality of the graphics rendering. We think that in such
3D-vectorial TDU-based vision applications the immersion will be very similar
to the one that caused such a craze for these old video games.

In addition, simple (lines, triangles ...) or complex 3D shapes (cubes, complex
modeled scenes) can be recognised by the subjects (Fig. 2 A and B). Neverthe-
less, the very limited resolution of the actual TDU (12×12 taxels) makes the
information of complex scenes too mixed up to be understood directly. In the
case of complex 3D shapes or scenes, the subject has to explore them by moving
around and looking them from different points of view, similarly to someone
exploring the shape of an object by turning it in his hands, or either to some-
one discovering an unexplored environment by looking in details all these parts
the ones after the others. An increase of the resolution should help to better
identify the different elements of a complex scene (Fig. 2 C). This study will
be published separately. In this context, we wondered if it was possible to
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Fig. 2. 3D shape recognition via a TDU. (A) shows a 3D wireframe inclined square
projected in perspective on a 12×12 TDU matrix. The points in the foreground appear
brighter than those in the background. (B) shows a 3D wireframe inclined and rotated
cube projected on a 12×12 TDU matrix and (C) shows also a tilted cube as it would
appear on a 24×24 TDU matrix.

track efficiently moving objects in 2 or 3 dimensions via a TDU. In this article,
we describe a series of experiments of target tracking in 2 or 3-dimensions real-
ized via three modalities of image output, i.e. of vision : a display on a visual
display unit (VDU) constituted of a matrix of pixels, i.e. a computer screen, a
display on a matrix of taxels, i.e. a tongue display unit (TDU) (see Fig. 3 A),
or on both of them. We discuss on the difficulties encountered in the analysis
of trajectory data, inherent to the method employed, and on the effect of the
transition between the modalities of vision.

2 Materials and methods

2.1 Graphics rendering

Displaying quality graphics on a 12×12 display unit is not easy. We first tried
to use classical graphical renderers such as OpenGL and MESA and get their
frame buffer after treatment but the result was not good. So, we developed a
software graphical renderer more adapted to the low resolution of our device. It
is very similar to OpenGL architecture but many algorithms from the primitive
and vertices inputs and transform operations to the projection steps were re-
thought and/or simplified, particularly those concerning the control of the buffers
and of the lights, allowing a good rendering of useful information on the TDU.
Operations on the buffers can be realized now on all image components (color
components, depth ...) separately or mixed by special operations. New blending
or attenuation operations on buffers or lights are available using different kinds of
functions : linear, exponential, or Hill functions. This allows for example blending
operations during the accumulation step. The accumulation buffer is constituted
here to up to 20 layers allowing an easy generation of motion trail effects on the
moving objects. All algorithms implying colors were adapted to take particularly
into account the HLS (Hue, Luminance, Saturation) mode which is well-adapted
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for representing voltage levels. Color components are floating values comprised
between 0 and 1. Lights are principally limited to an attenuation of the luminance
depending on the depth of the scene elements. Attenuation of lightning by a Hill
function is used in the context of our experiments to increase the distinction
between the front and the back of the scene.

2.2 Voltage calibration

The sensitivity of the tongue to electric stimulations [15, 17, 13, 14] is not the
same for everyone. Moreover, this sensitivity varies along the surface of a tongue
: coarsely a tongue is more sensitive at its apex compared to its depth part. As
important as it is for allowing to ’see’ and discriminate correctly and comfortably
the stimulations, the calibration step is not an easy problem. A progressive
adjustment region by region of static stimulations, so that their perception is
uniform on the overall surface of the tongue, was generally used in all previous
works with the TDU [26, 25, 27, 28, 7, 19, 18, 6] but we noticed that this protocol is
not well adapted to visual applications implying moving objects. The dynamical
method we used avoids the saturation of tongue receptors (that systematically
occurs after an exposure to a continuous stimulation of the same region of the
tongue of only one to several dozens of seconds as reported in [18, 24]), giving
a better evaluation of the intensities by the subject and allows him to compare
easily their perception at different regions of the tongue.

A default matrix of voltages is used on the the basis of an antero–posterior
gradient, the lower (1 volt) at the apex, the most intense (10 volts) in the back of
the tongue. The subject can display a horizontal or vertical moving live (formed
by points of equal intensity) or a point moving horizontally or vertically at a
certain speed (adjustable). The signal must be perceived uniformly. So as to
adjust readily, faster and precisely the calibration matrix, the subject uses, in
combination with a keyboard key for choosing an increase or a decrease of the
voltage, either a graphical stylus on a pen tablet (Fig. 3 D) or his finger on a
touchpad (Fig. 3 B) whose surfaces represent the TDU surface. The calibration
matrices of a user are saved each time, before and after an experiment, and can
be compared.

2.3 Experimental protocols

Orientation of 2D lines – effect of the modality After a calibration step
(see above), subjects were asked to reproduce the signal perceived, the faster
they could, by a drawing on a graphical pen tablet (Wacom Graphire).
Initially, the VDU (a 21” monitor) or the TDU are blank, i.e. no signal is sent
to the devices. For each experimental measurement, the experimenter presses
a button and the signal, a straight line, is drawn along a certain – random –
direction on a display device. The line is displayed on the TDU through its whole
surface (12×12 electrodes or taxels) or on a VDU window of 300×300 pixels
(8×8 cm) where 12×12 squares (of 25×25 pixels each) represent the electrodes
of the TDU (see Fig. 1 B and Fig. 2). The line is drawn with a sparkle effect.
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The signals of immobile or slow moving objects displayed on a TDU are indeed
rapidly lost due to a saturation of the receptors subjects to electostimulation.
Adding a moderate sparkle effect to the drawing avoids to lose the signal and
increases the quality of its perception [5]. Three modalities of scene output are
considered : via the VDU (normal vision), via the TDU (vision substitution), or
via both of them at the same time (bimodal vision). The subject uses a pen to
draw on the graphical tablet (angle indications are shown on the drawing surface
of the tablet) (Fig. 3 E). The drawing taken into account is a line defined by two
points corresponding to the first contact of the pen on the tablet and the point
when the contact is broken.

Several sessions (3 sessions for 5 subjects, and 2 sessions for the 9 others)
spaced by at least 3 days (for practical reasons) were planed for each subject. The
angles of the lines drawn by the subjects and their response times were recorded,
both constituting a measurement. During each session, after calibration, a series
of 210 measurements was realized, 70 per modality. A total of 6930 measures
from 14 healthy and adult subjects (a heterogeneous population composed of 7
males and 7 females, between 22 and 36 years old, having different skill levels in
the use of a graphical pen tablet) were realized. All angles are reduced to angles
between 0◦ and 90◦. A complete description of this experiment was presented in
[5] and will be published soon.

Tracking of 2D and 3D moving targets These experiments were realized
on 8 healthy subjects. They were ask to reproduce simultaneously to the stim-
ulation, by a drawing either on a graphical pen tablet (Fig. 3 E) or, arms in
the air with a tool having 3 reflectors handled in the drawing hand, in front of
a stereoscopic camera (Fig. 3 C,D and F), the trajectory of a motion trailing
moving point displayed on one of the three modalities of vision. Several records
were realized at constant rates each time on the three modalities of vision.

3 Results

The first remark made by the subjects about our experiments was that following
a moving point on the TDU was really easy compared to identifying the orien-
tation of immobile lines, even if they are displayed with a sparkle effect. For the
same reasons that adding sparkle has an effect [5], a moving excitation point
sequentially stimulates different regions on the tongue and it is always perceived
as long as it moves.

Nevertheless, although the possibility to follow a moving point on one or
another of the 3 modalities of vision is effectively verified, its evidence does not
appear so clearly on our plots. Fig. 4 shows three series of records of trajectories
drawn during a 2D moving target tracking experiment. This figure illustrates
well the kind of problems encountered in the this experiment, notably the one
of drawing with a good accuracy what is perceived, particularly because of a
difficult control of the amplitude of hand moves and because of the absence of
spatial reference points. In Fig. 4 A, B and C the drawings do not occupy each
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Fig. 3. Tracking experiment. (A) the 12×12 TDU matrix. (B) a touchpad for cali-
brating dynamically. (C) the experimental room with the subject handling a tool with
3 reflectors in front of a stereoscopic camera. The subject wears a blindfold on his eyes
during an experiment in TDU-based vision. (D) details of (C). (E) the graphical pen
tablet and the tool with its reflectors. (F) the stereoscopic camera with its two camera
surrounded by infrared lights that reflect on the tool.

time the whole surface of the graphic pen tablet. Moreover, the drawings of the
curvilinear trajectories are always fluctuating, inducing rapidly a strong diver-
gence of the plotted records. Only the strong variations of trajectory are really
conserved (Fig. 4 D). What also appear are the time shifts between the records
in different modalities of vision, due notably to the differences of response time
(see also Fig. 7 B). All of this implies of course a certain difficulty to compare
these curves with statistical methods such as temporal correlations. Finally, it
also appeared counter-intuitive that the tracking of moving targets in bimodal
vision were very bad compared to the normal vision or the TDU-based ones.
This is certainly related to the increase of cognitive load necessary to treat the
two signals at the same time, an observation we already made in the experiment
of identification of line orientations (see Fig. 7 and Fig. 6, and references [5]).

A certain similarity appears however between the drawings in the three modes
(particularly between visual and TDU modes). Fig. 4 C shows an example of
very similar records of a trajectory perceived under visual and TDU modes.

Curiously, we obtained better results in 3-dimensions ! Fig. 5 shows some se-
lected pictures at different times of a movie of a 3D target tracking in the three
modalities. Once again, the bimodal perception of the trajectories is not as good
as when the subject is stimulated via only one modality of vision. The compari-
son between the trajectories obtained in TDU and in vision modes shows clearly
the same curvilinear shapes of trajectories including their small variations. More
importantly, it shows that the subjects correctly perceived the depth of the mov-
ing point in the scene. The variations are indeed also very similar along the z
axis. One point can explain the better results obtained in 3-dimensions compared
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Fig. 4. Records of trajectories drawn during a 2D moving target tracking
experiment. (A), (B) and (C) show the drawings of the 2D trajectories perceived
via different modalities of vision. (D) shows a time record of a drawing along only
one direction (here x). The strong variations of direction clearly appear correlated but
time warped. The arrows indicate the shifts between the variations drawn in visual and
TDU modes.

to those in 2-dimensions : the differences between drawing modalities (drawing
in the air or drawing on a graphical pen tablet). They indeed offer different de-
grees of freedom to the subject. In the 3D experiments, the subjects draw the
trajectories in the air, so they can use all the available space in their drawing arm
range. This range gives them a reference concerning the limits of the drawing
space. On the contrary, in the case of 2D experiments, the subjects are tempted
to use only the very short range of their fingers from the hand pivot (at the pres-
sure point of the wrist) in a very acute angle. This have to be verified now by
repeating the same 2D experiments but via a drawing in the air instead of on a
graphical pen tablet. During these tracking experiments as well as during the
experiments of recognition of 2D line orientations, we clearly noticed a difference
of efficiency, i.e. the precision in the perceived orientation (Fig. 6 A) and the
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Fig. 5. Record series of trajectories drawn during a 3D moving target track-
ing experiment.

rapidity of the answers (Fig. 6 B), between normal vision and bimodal vision.
In this experiment of orientation recognition, average standard angle deviations
and average response times are increased as the modality is changed from vision
to bimodal vision, and then from bimodal vision to TDU-based vision. Here, the
TDU-based vision is worth than bimodal vision probably because the subject
has to identify static lines instead of moving points. Nevertheless, we showed
that the subjects were anyway perfectly able to determine the orientation of
lines in the 2D plane. We calculated the cost (in terms of an increase of the
deviation from the stimulus angle) of switching from vision to bimodal vision.
We calculated for each person the average standard angle deviation and the av-
erage response time in visual mode and bimodal conditions, then we calculated
the value (1 − visual)/bimodal that represent the benefit of switching from bi-
modal vision to vision (Fig. 7). We see very clearly that people with a significant
average standard deviation (res. a significant average response time) suffer more
of the transition between modalities than those who already have good results.
For the first ones, the benefit is of about 80%.

4 Conclusions

Our results showed the effectiveness of vectorial and moving object perception
via the TDU. However several points have now to be improved like, in the first
place, a better use and a better choice of input devices. The use of a graphical
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Fig. 6. Influence of the modality of vision (A) on the perception of 2D line ori-
entations and (B) on the response times.

pen tablet is not appropriated because of the very limited degrees of freedom
of the drawing hand and because it does not furnish any spatial reference or
any useful force feedback to the user. Nor the spatial environment it represents
corresponds to real space. The problem is the same for the use of keyboard di-
rectional arrows and a mouse in a TDU-based perception of a virtual vectorized
3-dimensional environment. We will now use preferentially the motion capture of
the body parts directly and geolocation based on stereoscopic camera, goniome-
try, accelerometry and inclinometry, for measuring the manner the subjects can
track moving objects or move and orient themselves in the 3-dimensional space.

As presented in [5] the sparkle effect appears particularly useful in the ren-
dering of immobile scenes. Moving objects are indeed well perceived, the moving
signal allowing the relaxation of the stimulated receptors. This allows us to en-
visage a modulate integration of this effect in the rendering of complex scenes
constituted of moving and static objects : immobile objects will be displayed
using sparkle, whereas those moving will not be subject to important sparkle
levels anymore, the intensity of sparkle depending on the moving rate of the
objects. This work proposes an alternative to guiding methods and direct
image camera outputs via a TDU. We indeed aim to propose a new approach
of vision substitution based on 2D or 3D vectorial models of the environment
(or of other kinds of information). Numerous applications are envisaged, among
them (i) a 3D vision device bringing into play the vectorization of digital camera
acquired scenes or virtual pre-computed environments, (ii) a medical device of
computer-aided surgery allowing to localize and track hidden targets in a body
based on medical imagery as done in [10] with a smart phone, or even (iii) in
aero or astronautics to give spatial informations (e.g. spatial orientation and
navigation cues and spatial disorientation countermeasures) or to help following
moving targets like missiles or planes (directional warnings, situation awereness
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Fig. 7. Benefit of the transition from bimodal vision (visual+TDU modes)
to visual mode (A) on the perception of 2D line orientations and (B) on the response
times. It is a manner to show the negative effect of the transition from visual mode to
bimodal vision.

...), or more basically (iV) applications related to video games for blind people
(see notably [21]).
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In: 3ème conférence internationale de la SFBT, Institut Pasteur de Tunis, Tunis,
2010 (2010)
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et les Systèmes de Suppléance aux personnes en situaTions de Handicaps


