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1 Introduction
We studied the capacities of navigation of blindfolded sighted subjects using a visuo-
tactile sensory-substitution device. The study focused not only on the capacities for shape
recognition and depth-cue perception, but also on the conditions that allow spatialisa-
tion genesis. The latter is the phenomenon of externalising the percepts, that is, locating
subjective objects in extracorporal space.

Navigation is defined by the capacity of moving oneself throughout the physical world
by using spatial information. It is a fundamental element of our perceptive ^ cognitive
repertory. In everyday life, spatial navigation is very often requiredöwhether or not in a
familiar environment. It is studied in man and animal alike, within the framework of
maze exploration (eg see the review by Van Horn et al 1998). In the case of visual
deprivation, this activity is greatly impeded, although some blind subjects have devel-
oped a capacity for obstacle detection by means of echo location or `facial vision'. This
consists in the subject using acoustic information in the echoesöwhich can be defined by
the reflection in the environment of the sounds produced by the subjects (eg Ashmead et al
1989; Arias 1996; Blash et al 1997; Silverstone et al 2000).Vision plays a prevailing part in
space recognition and motion tracking within a 3-D environment. It has been very often
observed that blind subjects suffer from alteration and delays when walking (Sampaio
1989a), primarily resulting from a feeling of insecurity (such as fear of obstacles), and this
causes alteration of mobilityödefined as the capacity of moving oneself in total security,
comfort, grace, and autonomy in the environment (Foulke 1982). Since the invention of
the white cane and the Braille system, there has been a significant evolution in non-
invasive sensory-substitution devices (Warren and Strelow 1985). They have been designed
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to give blind subjects access to visuospatial information via sensory modalities other
than vision. The main characteristics of this scientific, technological, and technical
evolution are the use of computer science on the one hand, and the use of miniaturisa-
tion and non-magnetic materials on the other hand, the latter offering the opportunity
for joint studies of both the behavioural and the cerebral activation level.

Today, two major categories of sensory-substitution systems prevail. The first are
visuo-auditory systems. They collect information concerning location and distance of
objects and, to a lesser degree, pick up information about the structure of objects
(Kay 1980; Sampaio and Dufier 1988; Sampaio 1989b; Farcy et al 1997; Arno et al
1999). The second are visuo-tactile systems, which are used for providing optical infor-
mation concerning object shape and depth (such as perspective and parallax) and, to
a lesser degree, provide information about object distance and location (Bach-y-Rita
et al 1969; Sampaio et al 2001).

With both congenitally blind and blindfolded sighted subjects using such systems,
the central nervous systemöie cerebral and functional plasticityöis assumed to be
adaptable. Broadly speaking, sensory-substitution systems, as they are called, translate
stimuli which are specific to a sensory modality (such as vision) into stimuli specific to
another modality (such as touch).

The use of such systems implies that the brain has the ability to learn how to
interpret optical information about the environment, even though this information is
carried via a non-visual sensory system (in the tactile vision substitution system, or
TVSS, such information is carried via the skin).

Moreover, as Bach-y-Rita (1972) contended, `̀ You do not see with your eyes. You see
with your brain''; perception via a given sensory modality does not entirely depend on
the sensations produced by it. Visual perception is in fact defined by any perception
dealing with visual information, whether it is received by the retina and the cortico-visual
systemöwhich thus generates visual-like sensationsöor by a TV camera connected to
a specific device generating tactile sensations. Regarding this specific case, the TVSS
makes it possible to convert visual imagesödetected by a miniaturised TV cameraöto
tactor-surfaced tactile images. In the 1960s, Bach-y-Rita's team, at the Smith ^Kettlewell
Institute of Visual Science, California, began developing the first version of the device,
with the goal of helping persons who suffer from sight deprivationöwhether congenital
or not. The very first TVSS version contained a 400-tactor plate mounted on the
back of a chair and connected to a TV camera. Bright images were detected by the TV
camera and transformed into electric pulses which activated the tactors (piezoelectric
vibrating tips). The subject was seated on the chair, with his/her skin in contact with
the tactor plate, and handled the camera. Without any training, the subjectsöblind
and blindfolded sighted alikeöwere able to perceive some simple targets, to turn
towards them, to discriminate horizontal, vertical, or curved lines, and to point out the
directions of the moving targets. Geometrical shape identification required a training
period (Bach-y-Rita 1972).

Nevertheless, the most remarkable phenomenon about the utilisation of the TVSSö
subsequent to intensive trainingöwas that the ability to recognise shape was accompa-
nied by an externalisation of percepts into objects in space. The subjects' subjective
reports reveal that, at the beginning, the stimulations could be felt only through the
skin. But after training for perception, the subjects' sensations related to touch were
replaced by the perception of objects situated at a distance in front of them.

The techniques developed in the 1960s and tested in the 1970s had a surprisingly
limited impact on the everyday life of both the blind and partially sighted people.
The devices were bulky, noisy, and power hungry. Since then, the TVSS has undergone
several technological improvements. The main ones are: first, miniaturisation; second,
optimised comfort in the utilisation of the tactile interfaceöowing to electrotactile
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stimulation; and, last, an improvement in image resolution. Furthermore, with the
new versions of the TVSS, the matrix containing the tactile stimulation has been
placed on the forearm, abdomen, forehead, thigh, and fingertip, and more recently on
the tongue, after previously having been placed exclusively on the back. The subjective
localisation of the information transmitted by the TV camera remained in the 3-D space
in front of the subjects, regardless of the parts of the body stimulated. Among the
versions of the TVSS, the ETV 4 (http://www.forethoughtdevelopment.com/videotac.html)
has been used for the present research. The basic principles of the device have been
retained. The device comprises a data-processing container designed for converting
visual images, collected by a TV cameraöor programmed by a computeröinto tactile
images transmitted via a 96-tactor matrix (12 lines68 columns; see figure 1).

Although the devices have been significantly improved in technological respects,
knowledge about perceptual mechanisms has not been fully explored. Yet, the advan-
tages of such an approach for the blind are obvious. Bach-y-Rita and his collaborators
emphasise the significant role of the subjects' action in the exploration of their environ-
ment with a sensory-substitution deviceöin particular by handling a camera (White
et al 1970). The importance of movement for perception is basic for ecological psychology
as initiated by Gibson (1966, 1979), who considered reciprocal relations between per-
ceptual and motor activities and the existence of a perception ^ action system with
perceptual ^motor links, where sensory and motor units are functionally integrated,
and not separated, as they had first been considered. More recently, Lenay et al (2000)
stated that recognition of perceived objects is based on the detection of perceptive-
motor invariants, indicating a search by the action of the subjects and the mental
construction of constant connections between action and feeling. Lenay et al thus think
that spatial location, as well as shape recognition, correspond to temporal syntheses
of the successive feelings according to a rule connecting action with feeling.

We tested these capacities by proposing a navigation task throughout the physical
world based exclusively on visuo-tactile substitution information. Some studies were run
in order to test spatial navigation abilities (Jansson 1983). But they essentially demon-
strated, in a small number of subjects, the capacities of walking towards a target pole,
detecting obstacles, and moving according to certain rules in relation to these obstacles
(vertical bars). Jansson (1983) conducted a set of experiments in a tactually guided
slalom walk, using a 12618 matrix of vibrators on the forehead (Electrophthalm system),
in which the most complex situation comprised a 6 m path with one target and two
obstaclesöeach consisting of a 4-cm wide vertical pole. In this very simple environment,
one blind subject succeeded in carrying out the task on the sole basis of obstacle detec-
tion after a preliminary training, despite some collisions with obstacles.

We aimed to propose a more complex navigation task in the 3-D space, in which
the subjects had to find the way out not only by detecting the presence or absence of
obstacles, but also on the basis of a perceptual analysis of directional cues, optical
information about depth, and the generalisation capacities in recognising these cues
from different points of view (ie perspective).

Figure 1. Example of a `tactile image' (on
the right), such as it appears on the mon-
itor of the TVSS, with the corresponding
visual information collected by the camera,
such as it is also presented on a monitor
screen (on the left). Numbers on the TVSS
screen materialise each activated tactor
(number ranging between 1 and 96, relating
to its position on the matrix of 96 tactors).
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The use of mazes, designed to apprehend the fundamental capacity to move, has
had a significant history in neuropsychological literature and clinical framework (see
the review by Van Horn et al 1998). The study of cerebrally impaired patients, in
particular, provided extensive data on cognitive capacities involved in this task. In the
maze-based test, four major functional systems have usually been studied. Each of them
is associated with particular cerebral areas such as sensory discrimination, spatial
memory, execution function, and decision motor-execution (Flitman et al 1997). Changes
in any one of these functional systems affect the performance within a maze.

According to Beritoff, an organism is capable of space orientationörequired for
this kind of tasköwhen it is able to find the position of the objects and project this
position in relation to the other objects and itself. He makes the assumption that,
from these perceptions, images of the repartition of the objects in the surrounding
world can be created (Beritoff 1965; quoted by Berthoz 1997).

The basic questions such as: `̀ where am I?'', `̀ where are the other elements of the
surroundings?'', ``by what means can I go somewhere?'', reflect the functions of the navi-
gation system. Human subjects are presented with this kind of task in the laboratory.
It resembles the tasks traditionally used to train other animal species (Morris 1981) to
acquire space skills. Recent developments of data-processing software have made it
possible to simulate a virtual maze-type environment, thus allowing a very valuable
measurement of human navigation abilities in an environment very similar to reality.
When navigating in a virtual mazeöaccording to visual informationöthe subjects
have a strong feeling of `presence'. Here, the word `presence' expresses the subjective
experience of being somewhere while being physically elsewhere (Held and Durlach 1992;
quoted by Maguire et al 1999). Witmer and Singer (1994; quoted by Maguire et al
1999) have identified a significant correlation between `presence' and the performance
undertaken in a virtual environment.

For the exploration task, we proposed a truly 3-D environment rather than a
virtual maze. Indeed, very few research studies to date have pondered the meaning of
the results obtained about the perception of 3-D objective realityöbased on situations
in which the subjects had to visualise depth from 2-D depth representationöin other
words, from a missing dimension. Griffin has worked on various modes of orientation
of birds, and has distinguished `piloting'öthe search and the use of familiar reference
marks in order to reach a goalöfrom `navigation'öa mechanism allowing them to go
from an unknown spot to a known goal (Griffin 1942; quoted by Durup 1985). The
geographical representations at stake in the proposed navigation task can also be called
piloting tasksöif one refers to Griffin's work. These geographical representations can
be integrated into a route connecting the landmarks with one another and providing
the decision sequences at the point of choice (eg turning to the left). Such a path
should lead to a representation of sensorimotor sequences proceeding from a starting
point to a finishing point, independent from the route (Lepecq and Peª cheux 1985).

To date, the ETV 4 version of the TVSS used in this experiment does not allow
much mobility (connections exist between the matrix and the computer interface).
Consequently, we proposed a navigation task in which the subjects had to control by
radio a mobile robot (see section 2.2.2), equipped with a camera, placed inside a maze.
Subjects could perceive sensory and perceptual consequences of their actions by manip-
ulating two joysticks. Thereby, a sensorimotor coupling could be performed from the
tactile information provided by the matrix and visual cues located in the maze. The
same navigation task was then used to compare the navigation capacities of blind-
folded sighted subjects, who navigated on the sole basis of visuo-tactile information
with the efficiency of sighted subjects who made the same navigation task under visual
control by watching the monitor system of the TVSS (see section 4.5).
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2 Method
2.1 Subjects
Eight healthy, sighted subjects (four women and four men) aged 22 to 40 years, partic-
ipated in this experiment. The average age was 28 years for women, and 34 years for men.

2.2 Apparatus
2.2.1 The tactile vision substitution system, ETV 4 version. This device is composed of
four elements: a micro TV camera, a data-processing system, a converter container,
and a 96 micro-electrode matrix, 7.5 cm by 9.5 cm, placed on the subjects' abdomen
(directly above the navel). The principle on which it works comprises three stages.
The first consists of decomposing the visual images, the second of translating them
into pulses, and the last one in distributing them to all of the 96 micro-electrodes of
the matrix. The temporal development and the physical form of the electric pulses
are parameterised according to five criteria: intensity, width, rest interval, number of
pulses, and burst period. The relative values of these criteria in relation to one another,
and the concomitant variation when the camera is shifted, determine the fullness and
quality of the function of the TVSS (for a detailed description, see Aiello 1998). The
electrical energy generated by the impulse and transmitted to the touch receptors is
proportional to the surface of the wave. The skin is first cleaned with alcohol and coated
with a scanning-like conductive gel. The tactile-somesthesic system is stimulated by
`tactile images' with a 32 Hz vibration frequency and a 21.56 V pulsation amplitude.

2.2.2 The remote-controlled mobile robot. Both the mobile robot (which we named the
`mobile sensory-motor coupling', MSMC; see figure 2), and the TV camera mounted
on it, are remotely controlled by high-frequency connections. This allows them full
movement. The MSMC was especially designed for this experiment. It is 23 cm long,
14 cm wide, and 17.5 cm high. The camera, with a 1208-sight-angle lens mounted on it,
is at the front of the robot. It collects the visual information in the maze and transmits
it to the TVSS in order to display it on the electro-tactile matrix.

Subjects used two joysticks. The first enabled them to control vertical scanning of
the camera in order to perform fuller discrimination of visual stimuli and cues. The
second enabled them to control movements of the MSMC by three means: forward
movements, backward movements, and rotations in either direction by the front wheel
turning at an angle of 1608.

Two joysticks

Remote
control

High-frequency
video
transmitter

TVSS
camera

Front-wheel
turning

Figure 2. The mobile robot of sensory-motor coupling with a frontal TVSS camera mounted on it,
and the remote control with two joysticks.
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2.2.3 A truly 3-D maze. A truly 3-D maze of 3 m by 3 m was oriented, designed for,
and adapted to the characteristics of the size and mobility of the robot. It comprised
a starting room, A, a finishing room, B, and eight rooms in between (see figure 3).
Room A was large and caused few spatial constraints. The subjects could easily acquire
coordination skills to control the robot in relation to the camera movements and
thereby carried out a sensory-motor coupling. Room B and the eight eight-sided middle
rooms were smaller. The robot was nonetheless able to explore the various cues on
the walls. The rooms were connected to one another by corridors with lines on the
floor. Inside the maze, there were eighteen `saloon'-type double doors. White triangular
cues were placed on these doors. Because of the limited size of the maze, cues also
featured on fake doors. The whole maze was black, in order to facilitate contrasted
perception of white cues.

Along this route, from room A to room B, the subjects had to make a series of
choices in order to find the right path, composed of five exploration zones of a varied
configuration. Decomposing the route into 5 zones offered the researchers two advan-
tages: performance evolution among the zones could be analysed in a single exploration
on the one hand, and between two navigations on the other hand (the subjects had
to take one route during the third session and another route during the fourth ses-
sionösee below). Each zone comprised an exploration room. In zone 1, there was a
large starting room. Zones 2, 3, and 4 contained one eight-sided middle room each.
In zone 5, the finishing room was of more complex configuration. All the rooms were
connected with one another by a network of corridors. Throughout this route, the
subjects were confronted by three increasing difficulty levelsörelated to the motion
constraints of the robot. Difficulty level 1 was represented by zone 1. Manoeuvering and
positioning the robot was relatively easy and helped the subjects to improve cue recog-
nition. In addition, the large space in zone 1 facilitated the exploration, which was of
a circular type. In difficulty level 2öin zones 2, 3, and 4örestricted space increased
the exploration difficulty. Being guided by the white line on the floor, the subjects
had to control the robot and guide it into the corridors, as the robot had less and less
space to move backwards from the triangular cues. Difficulty level 3öin zone 5ö
represented the highest complexity level. The subjects had to follow a corridor delim-
ited by walls belonging to two overlapping rooms. Because the MSMC had a restricted
space for navigation, the subjects' aids were perspective cues, such as vanishing lines
horizontally placed on the walls and triangular cues generally perceived at an angle.

(a) (b)

1

A

2

3

4

5

B

1

A

2

3

4 5

B

Figure 3. Maze plan, decomposed into 5 zones, from the starting room, A, to the arrival zone, B,
for the two routes. (a) Route 1. (b) Route 2.
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2.2.4 Spatial cues. Two types of cues were available to help the subjects make choices
to find their bearings in the maze. The first category consisted of a continuous white
line on the floor and at the centre of the corridorsöas a landmarköand another line
placed horizontally on the room walls. The second category consisted of 2-D triangular
cues (isosceles triangles) on the doors. Thanks to the orientation of the cues, the subjects
were informed whether they could cross the doors; if not, they were informed about the
direction they had to follow (see figure 4).

Floor and lateral lines were solely a navigation aid, but the triangular cues had to
be explored and discriminated by the subjects in order to succeed in the task.

3 Procedure
Four sessions were used. Their average duration was 2 h each, and the average interval
between them was 3.7 days (s � 1:8), according to the subjects' availability. The first
session included a single phase of `familiarisation/assessment' for 2-D triangular-cue
identification. The next three sessions comprised a phase of `familiarisation/assessment',
followed by the actual navigation phase. In the second session, navigation was carried
out thanks to visual information, via a computer screen related to tactile information,
via the TVSS matrix, whereas in the third and fourth sessions only tactile informa-
tion was available. Subjects were blindfolded during all phases and sessions except the
navigation phase in session 2.

Throughout the experiment (all four sessions), subjects were seated at a table in
front of the two-joystick remote control and wore the TVSS matrix on their abdomen
(cf figures 5, 6, and 7). During the familiarisation phases, aided by the joysticks of
the remote control, the subjects had to explore 2-D triangular cues on a blackboard in
front of them (see figure 5). The camera mounted on the robot collected visual infor-
mation and transmitted it to the TVSS arrayöand to the computer screen during the

Move ahead Move backwards Move leftwards Move rightwards

Figure 4. Two-dimensional triangular cues used on the doors to indicate the direction to follow.

Triangle

TVSS
camera Remote

control
TVSS
matrix

Blindfolded
sighted subject

HF receiver

TVSS
screen

MSMC

HF transmitter

Figure 5. Experimental set-up during the familiarisation/assessment phase, in the four sessions.
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navigation phase in session 2. During familiarisation phases, the robot was mounted
on a table, between the subjects and the blackboard. The camera was guided towards
the triangular cues placed 30 cm away from the camera. In this condition, with the
robot remaining stationary, only the TV camera could be controlled via the remote
control (see figure 5). The robot was also placed in the maze for the navigation phases.
Remote control was then used to shift it and to position the camera (see figures 6 and 7).

3.1 Session 1: Familiarisation with the stationary mobile
The object of the first session was to set a baseline for triangular 2-D cue-discrimination
capacity, and to familiarise subjects with the handling of the camera controls and
with the feelings of TVSS-based stimulation related to the four possible orientations of
an isosceles triangle (upwards and downwards, right and left).

The method used to determine the stimulation intensity most comfortable for
subjects consisted of constantly increasing the stimulations in ten-unit stages from a
ninety-unit PA infraliminary value. Once this had been done, session 1 comprised three
stages. During the first stage, subjects were exposed to TVSS stimulationsöeach of
them was exposed to each of the four triangle orientationsöand the experimenter
himself controlled the camera and drew the subjects' attention to tactile information
useful for discrimination (stimulation intensity and the effects on the sensory level
generated by camera scanning).

During the second stage, subjects themselves drove the camera using the joystick,
and freely explored the four orientations in order to note sensory ^motor correspondences.

Finally, during the third stage, the researcher assessed subjects' discrimination
capacity when presented with four blocks of four orientationsödisplayed twice eachö
in a pseudo-random way (ie thirty-two trials). Subjects were asked to explore the cues
via the camera, and then to indicate which category of visual information the perceived
tactile stimulations corresponded to. Subjects were also asked to provide a confidence
index of 0 to 3ö0 for `random', 1 for `unsure', 2 for `relatively sure', 3 for `absolutely

Monitor
screen

Remote
control

TVSS
matrix

TVSS
screen

Maze MSMC

Figure 6. Experimental set-up during the navigation phase in the second session.

Remote
control TVSS

matrix

TVSS
screen

Maze MSMC

Figure 7. Experimental set-up during the navigation phase for sessions 3 and 4.

8 H Segond, D Weiss, E Sampaio



sure'öfor each reply. In order to facilitate training, subjects were also informed that
they would be given a feedback following each reply and that they were allowed to
re-explore cues in case of any wrong reply.

3.2 Session 2: Introduction to tactually and visually controlled navigation
The object of session 2 was to check whether there was an improvement in 2-D cue
discrimination in comparison with session 1, and also to introduce subjects to the navi-
gation task which was to be carried out in sessions 3 and 4, by facilitating it as much
as possible. This task comprised two unusual conditions and was performed via a TV
camera placed on a remote-controlled robot, and via an artificial and totally new
sensory modality, by the mediation of the TVSS.

The triangular-cue familiarisation phase was carried out in the same conditions as
in session 1, with the exception of one condition: in session 1, subjects underwent
thirty-two trials, whereas starting with session 2, trials were to be carried out until an
80% success criterion of correct replies was met. If such a criterion could not be met,
subjects would have to undergo all of the thirty-two trials. In such a case (which,
in fact, never occurred), there would have been additional training sessions until this
success criterion had been met. In addition, subjects were told that, although their
exploration was timed, it was more important to provide right replies.

The navigation phase was made up of two stages. In the first stage, subjects had
to become familiar with controlling the robot inside the maze, under visual control.
This navigation was to take place following the first route, which comprised three cue
categories. The first category consisted of on-the-door triangular cues indicating which
direction, and possibly which door, had to be taken. The second consisted of lateral
stripes on the walls indicating that the robot was facing an obstacle. When discontin-
uous, these stripes let subjects know that the robot was close to a cue. The third
category was a continuous line on the floor along the corridors, which enabled subjects
to control the robot along the corridors from room to room. Whenever a line ended,
subjects thereby knew the robot had entered a room. Subjects were asked to go from
the starting room, A, to the finishing room, B, by using the indications they obtained
through the cues perceived on a video screen in front of them (non-degraded images).
During the second stage, the task was the same with an identical route; however, this
time, tactile stimulation provided by the TVSS was combined with visual information.

3.3 Session 3: Testing phase regarding navigation via the TVSS
After another `familiarisation/assessment' phase with triangular cuesöidentical to the
previous oneöhad been carried out, blindfolded subjects were asked to perform a
navigation task. Here, they could use only tactile information provided by the TVSS.
The route and the cues were the same as in the previous session. In order to succeed
in the task, only the triangular cues had to be explored. Twenty-four triangular cues
were placed along the route. Subjects had to explore at least ten cues in order to
determine which route they had to follow (see section 3a).

Subjects were provided with feedback whenever they wished, with the following
conditions. First, the feedback had to help to determine how far the robot was from
the cues, if the cues were well centred relative to the robot, and which cue category
they were exploring (triangular cues, lines on the floor, or lateral stripes). Subjects
were not provided with an indication about the direction they had to take nor about
the orientation of triangular cues they discriminated. Second, the feedback was aimed
at providing information on whether the robot was able to go forward or backward
(eg when it was stuck against a wall or when it was impossible for it to go back). During
this navigation task, subjects were asked to voice their impressions as extensively as
possible. They had to relate, in particular, what they perceived and what decisions resulted
from it. Their voice was recorded.
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3.4 Session 4: Testing phase regarding navigation via the TVSS; route 2
This session was performed in the same way as the previous one in terms of both
`familiarisation/assessment' and navigation phases. However, it was carried out following
a new route, totally unknown to the subjects. The two routes were not counterbalanced
within the experiment for technical and practical reasons. Indeed, changing the route
required a complex adjustment of the maze. Nevertheless, the second route had the
same complexity level as the route in the previous session. The complexity level took
account of both the overall route configuration and all of the zones that constituted
these routes (see figure 3b).

Once the subjects had completed sessions 3 and 4, they were subjected to an inter-
view with the aim of analysing the spatial perception they had experienced. The value of
movements connected to perception, in particular, was studied. So was the informative
nature of the various cues for visual space perception via the TVSS. This phenom-
enological-type approach allowed the researcher to follow the way subjects perceived
the space they explored from their own point of view.

4 Results
Subjects' performance was analysed according to the following four criteria:
(i) The rate of correct replies regarding 2-D triangular-cue discrimination, during the
four familiarisation/assessment phases, and during navigation tasks in sessions 3 and 4
(and routes 1 and 2).
(ii) The average cue-exploration time, during the last three familiarisation/assessment ses-
sions, and during the last two navigation sessions, zone by zone, and including both routes.
(iii) The time it took the subjects to go through the five maze zones in the last two
navigation sessions. The average duration of subjects' presence in each zone per square
metre was calculatedöthe surface of every zone being set to the same scaleöa 1 m2

surface for all.
(iv) The analysis of subjects' replies to the question paper. The researcher could thereby
determine when and how subjects externalised visual percepts while carrying out explora-
tions of routes 1 and 2 in navigation sessions 3 and 4, respectively. These replies were
expected to supply complementary elements in terms of quality as regards exploration
strategies used in the maze. They were also expected to allow the researcher to draw
conclusions about spatiality genesis from subjects' subjective experience. Spatiality can
be defined as subjects' involvement in the space they explored and depth perception.

The main objective of this research was to check whether the navigation task based
solely on visuo-tactile substitution information was feasible or not. This goal was
achieved from the very first navigation task (in session 3). It appeared that all subjects
did indeed succeed in this task. They were able to control the robot from the starting
room to the finishing room, thanks to the orientations displayed by the triangular
cues in the maze. As the task proceeded, performance gradually improved, so the
experimenter supplied subjects with less and less feedback and commentaries. In fact,
feedback and commentaries only consisted in encouraging the subjects in cases of need,
and sometimes giving some information on driving if the subjects encountered some
difficulties in extricating the robot from an obstacle. But the information given never
concerned the route to be followed.

Overall, in spite of its lengthy duration and the encountered difficulties, most subjects
treated the task like a game. On average, the first navigation (in route 1, session 3)
was completed in 71.31 min (s � 23:84), and the second one (in route 2, session 4) in
64.69 min (s � 4:99). However, the drop in navigation time observed between these
two sessions was not significant (t7 � 0:88, p 5 0:4). Although subjects had not been
familiarised with them, the horizontal and lateral stripes on the maze walls were reported
by subjects to be good clues, as they allowed them to perceive space configuration.
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4.1 Discrimination of triangle orientation during familiarisation/assessment and navigation
phases
Table 1 shows the evolution of performance in triangle-orientation discrimination in all
four familiarisation/assessment phases. It also allowed us to compare the latter perfor-
mance with the one carried out during navigation phases. Most frequent mistakes
consisted in identifying triangular cues wrongly and confusing triangles with lateral stripes.

Overall, performance in discrimination of triangle orientation significantly improved
between the second familiarisation/assessment session and the third. This was evidenced,
as the 80%-correct response criterion was fulfilled more and more rapidly between
F2 and F3 (fifteen versus eleven trials; F1 7 � 7, p � 0:033), and the number of correct
replies in session 4 was stabilised.

Correct-reply rates noted in familiarisation/assessment phases were scarcely different
from one another, for these rates depended on the same criterion fulfillment (ie correct
replies reaching 80%).

When we compared the correct-reply rate in the familiarisation phase with the
correct-reply rate in the navigation phase, we noted that cue-discrimination perfor-
mance decreased in navigation sessions 3 and 4, routes 1 and 2 in comparison with
the last familiarisation/assessment session. An a posteriori analysis (Newman ^Keuls
test) indeed confirmed that correct reply rates between the navigation phase and the
familiarisation/assessment phase preceding it decreased between F3 and T1 ( p � 0:011);
and between F4 and T2 ( p 5 0:001). The drop in performance may be explained by the
fact that positioning the robot in relation to the targets generated constraints. During
the navigation phase, owing to these constraints, subjects sometimes discriminated
triangular cues even though the latter were not perfectly perpendicular to the camera
axis. With the camera positioned at an angle to the targets, visual images projected onto
the TVSS electro-tactile matrix were distorted. During the familiarisation/assessment
phase, however, with the camera in the perpendicular axis of the stimuli and the
stationary mobile, there was no such constraint. Nevertheless, it is noteworthy that, in
spite of this drop, correct-reply rates were still satisfactory and far superior to randomö
corresponding to a success rate of 25% for each of the four orientations (w2 � 816:22,
p 5 0:0001 for T1; w2 � 750:97, p 5 0:0001 for T2).

4.2 Choosing directions during navigation phase and exploration time per cue and per zone,
regarding routes 1 and 2
4.2.1 Recognising triangular-cue orientations during the navigation phase.Table 2 represents
the average correct-reply rates for recognition of triangular-cue orientation in each
zone in the maze and in both routes. Figure 8 allows us to visualise the profiles of the
evolution of correct-reply rates in both routes.

,

Table 1. Average performance in discrimination of triangle orientations during familiarisation
and navigation (and standard deviation) and average number of explored cues. F1 to F4 corre-
spond to the four familiarisation/assessment sessions; T1 and T2 correspond to routes 1 and 2
in navigation sessions 3 and 4 respectively.

Average performance during Average performance
familiarisation/assessment=% during navigation=%

F1 F2 F3 F4 T1 T2

Correct replies 80.3 90 90.8 89 74 70.7
(13.66) (8.65) (7.95) (7.36) (13.1) (17.3)

Number of 32 15 11 11 20.3 20.4
explored cues (stated)
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Correct-reply rates were transformed into arc sines. The normality of distributions
thereby obtained was checked empirically and confirmed by means of Kolmogorov ^
Smirnov statistical tests. So, we conducted a three-factor (multivariate) analysis of vari-
ance (MANOVA). The design was 2 (sex: men versus women)62 (navigation: first versus
second)65 (zone: 1 to 5) mixed-factor MANOVA, in which sex was the between-subjects
factor and navigation and zone were within-subjects factors. This analysis showed that
there was no influence of sex on performance. During a second phase, male-related
and female-related data were gathered and analysed together (see the above structure
analysis in the sex factor). This analysis revealed a similarity in profiles of performance
evolution from one zone to the next between navigations 1 and 2. This similarity was
revealed because the navigation factor exercised no effect (F1 7 � 0:317, p � 0:59) and
because the zones exercised a significant influence (F4 28 � 7:61, p 5 0:0003). In both
navigations, this evolution was evidenced by an improvement in triangular-cue orienta-
tion discrimination between zones 1 and 4 (navigation 1: F1 7 � 32:3, p 5 0:0008;
navigation 2: F1 7 � 13:376, p 5 0:009). In addition, during navigation 2, this improve-
ment in performance appeared earlier than it did during navigation 1, for this
significant rise in correct-reply rates was noted in zone 2 (F1 7 � 5:8, p 5 0:05). This
phenomenon seemed to be a training effect between both navigations. It was noted
that performance in the finishing room (zone 5) was of lower quality. This may be
accounted for by the significant fall in performance between zones 4 and 5 that occurred
during navigation 1 (F1 7 � 32:54, p � 0:0007) and navigation 2 (F1 7 � 7:04, p � 0:032).
Zone 5 was the most complex spatial configuration of the maze.

,

,

,

,

,

, ,

Table 2. Comparison of performance regarding discrimination of four orientations of an isosceles
triangle between routes 1 and 2 (ie navigation sessions 3 and 4). Standard deviation is shown in
parentheses.

Route Orientation discrimination performance=% Mean number of

zone 1 zone 2 zone 3 zone 4 zone 5 average
explored cues

1 62.9 69.1 78.8 95.9 63.4 74 20.3
(20.3) (29.4) (26.4) (11.7) (23.3) (13.1) (4.2)

2 55.9 72.6 70.9 85.5 68.5 70.7 20.4
(25.8) (24.1) (26) (20.7) (17.1) (17.3) (6.0)
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Figure 8. Evolution of success rates per zone in both route explorations (SD � significant difference).
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4.2.2 Exploration time per cue and per zone in routes 1 and 2. Table 3 shows the average
durations of triangular-cue exploration per zone in navigation sessions 3 and 4 and
routes 1 and 2. According to the 2 (navigation)65 (zone) ANOVA, in which navigation
and zone were within-subjects factors, triangular-cue exploration time was not affected
by these factors during the task. However, this result does not reflect the reality as
the sizes and degrees of complexity in the different zones were not equivalent.

In order to neutralise the size disparity and thus to be able to determine whether
a training effect occurred in terms of exploration time, the sizes of all zones in the
maze were set to a single 1 m2 surface unit. This was the basis for calculating the exact
surface of every zone taken during routes 1 and 2. The mobile exploration time in
each of these zonesöwhich were of non-equivalent surfacesöwas then converted into
a single exploration time of 1 m2 (ie for zone 1, route 1 exploration time was 200 s
for 0.81 m2, that is 246.9 s mÿ2, etc). Although this operation allowed us to compare
exploration durations of zones of equivalent surface, one should not forget these zones
were different in terms of difficulty level owing to their spatial configuration.

Once again, the three-factor analysis of variance (MANOVA) [2 (sex: men versus
women)62 (navigation: first versus second)65 (zones) in which sex was the between-
subjects factor and navigation and zone were within-subjects factors] did not reveal
any effect of sex on the collected data. The sex factor was pooled and the last analysis
allowed us to bring to the fore an effect of the zones successively travelled through
during exploration time (F4 28 � 7:09, p 5 0:0005). Thanks to Newman ^Keuls-type
a posteriori analyses, we were able to specify the nature of this performance evolution
throughout the zones. This evolution is shown in figure 9.

,

Table 3. Exploration time in each of the 5 zones for routes 1 and 2. Standard deviation is shown
in parentheses.

Route Exploration time=min

zone 1 zone 2 zone 3 zone 4 zone 5 average

1 18.9 52.8 22.1 12.4 12.9 23.9
(12.4) (40.8) (15.2) (5.8) (2.5) (10.1)

2 9.1 28.4 23 15.1 20.4 19.1
(5.3) (16.7) (13.5) (5.6) (10.2) (7.3)
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Figure 9. Evolution of average exploration time for both navigations throughout the 5 zones
(with standard deviations), set to a single 1 m2 surface.
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During the first navigation, subjects needed significantly more time ( p 5 0:005)
to explore zone 2, which was smaller and of a more complex configuration, than they
did in the starting room, which was larger. The training process was effective because,
very rapidly, from zone 2 in navigation 1, subjects took less time for exploration. This
exploration time then stabilised until the maze exploration had been completed.
This evolution profile was also noted in route 2, session 4, but to a lesser extent. In
this respect, exploration time significantly decreased from zone 2 to zone 3 in naviga-
tion 1 ( p 5 0:003), before becoming steady. Exploration durations in zones 4 and 5
remained significantly inferior to the ones in zone 2 (respectively, p � 0:0012 and
p 5 0:0013). In zone 2 during the first exploration, exploration time was relatively
steady and the peak disappeared in navigation 2 (exploration time did not increase
significantly from zone 1 to zone 2, p � 0:37). This observation provided evidence that
the skills the subjects had acquired were maintained when they performed the second
navigation (route 2, session 4). The fact that this peak disappeared also meant that the
subjects needed a significantly shorter exploration time in zone 2 when performing
the second navigation than in zone 1 ( p 5 0:007).

Correlational analyses between correct-reply rate and exploration-time per surface
unit revealed that there was a negative correlation in zones 2 and 4 (respectively,
r1 � ÿ0:92, p 5 0:05; and r1 � ÿ0:75, p 5 0:05) for the first route. So, the long
exploration time recorded in zone 2 was correlated with a low success rate, whereas
the high success rate in zone 4 was correlated with a short exploration time. These
results were also noted in zone 3 (r1 � ÿ0:86, p 5 0:05), for the second route. A short
exploration time was connected with a high correct-reply rate in zone 3. The improve-
ment in discrimination capacitiesörepresented by a higher rate of correct repliesöwas
noted because the robot moved more rapidly, at least in zones 2 and 4 throughout
the first route, and in zone 3 throughout the second route.

4.3 Subjective analysis
4.3.1 Externalising explored cues. After analysing subjects' spontaneous testimonies
collected in a questionnaire during navigation and just before the task ended, a change
in terms of quality seemed to occur between navigations 1 and 2 (in routes 1 and 2).
During the first navigation (route 1), subjects stated that they felt stimuli on the matrix,
and their attention was being monopolised by their handling the joysticks to control
the robot. During the second navigation (route 2), subjects said they perceived stimuli
in space, and they often said that handling the robot felt like driving a car (cf infra).
According to some subjects, when going through a door, their actions consisted in
`going through' the triangular cues which appeared `in front of' them. However, even
when navigating route 2, whenever recognising cues required a greater concentration,
some subjects once again appeared to focus their attention on tactile sensation.

4.3.2 Subjects and explored space. Thanks to the TVSS, can this feeling of `presence' be
developed (Maguire et al 1999)? Subjects experienced this feeling when the place they
subjectively perceived they were in differed from the one they actually (ie physically)
were in. In other words, objects could be perceived in space by subjects who felt
they were themselves in the same space. They therefore felt that they were in the same
space as the objects they explored. During the first exploration, all subjects felt they
were in this space when they were in front of the triangular cues on the doors. During
the second exploration, all subjects felt they were in the explored space when they
were in front of the cues. When controlling the robot, those who felt as if they were
moving like the robot had the impression they were in the place of the robot.
Some said they needed to project themselves into space when they had to carry out
manoeuvres. They felt, thereby, they really were in the driver's seat: `̀ Stimulations are
like intensifications which enable you to find your bearings. One imagines then they
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are in space and have to carry out movements''. Subjects used many words which referred
to this sense of belonging. They expressed themselves as if they did navigate within the
maze and as if they did carry out manoeuvers physically. All subjects spontaneously used
the word `̀ I''. The following remarks were heard: `̀ I'm going backwards'', `̀ I'm going to
turn around'', `̀ I'm reaching a cue'', `̀ I'm going forwards'', `̀ I'm stuck'', `̀ I'm turning
to the right'', `̀ I'm in front of a cue'', ``I'm turning around'', `̀ I'm going backwards'', and
`̀ I can see nothing''.

4.3.3 Having access to space dimensions. Lenay (1997) studied the three types of space
dimensionsöheight, width, and depthöthat subjects could reach via a visuo-tactile
sensory-substitution device. Subjects perceive a space dimension if they are capable of
going back to the previous positionöin other words, if their movements allow them
to reverse their actions. Depth is more special than the other dimensions, because the
action that leads to it generates a movement which was perceived in space. Depth
requires that subjects integrate their actions as movements `in' space (Lenay 1997). In
the present experiment, most subjects stated they had access to all of the three dimen-
sions they were asked about. It seemed that this perception was better in the second
navigation. Height was mainly reported to have a connection with getting closer to
the cues. It extended the tactile images of objects. Depth was perceived to have a close
relation with the distance between the robot and what it was exploring. This was very
often the case when subjects made forward ^ backward movements to order to readjust
the position of the robot. This movement enabled them to make object size and stimula-
tion intensity vary. The distance between the robot and the target was associated with
the intensity of stimulation. Perceiving perspective cues collected by the robotöwhen
going along lateral stripes in a corridoröalso permitted the subjects to perceive depth.

4.4 Comparison with vision
Performance of blindfolded sighted subjects in a navigation task on the sole basis of
visuo-tactile stimulations from the TVSS therefore appeared surprisingly good in spite
of poor spatial resolution of tactile images. We wondered whether subjects could navi-
gate efficiently with such spatial resolution in vision in order to determine whether the
environment was clearly well-encoded at this resolution of 8612 pixels or whether
the tactile modality appeared more dedicated to process such poor resolution data.

The navigation capacities of blindfolded sighted subjects on the sole basis of visuo-
tactile information were compared with the efficiency of ten sighted subjects (five females
aged from 19 to 36 years, mean age: 24 years; and five males aged from 23 to 39 years,
mean age: 30 years) who performed the same navigation task watching the visual monitor
system of the TVSS.

Despite the poor spatial resolution of the visual images converted by the TVSS
computer, subjects were able to carry out the task either in vision or with the TVSS.

Evolution curves for exploration time throughout the 5 zones of the maze (the
surface of every zone being set to the same scale of a 1 m2 surface) look quite similar
for the two groups (see figure 10). Nevertheless, the sighted seeing group, using the visual
monitor display, showed:
(i) a significantly greater accuracy of cue identification in comparison with both
the first navigation of blindfolded sighted subjects (respectively 100% versus 74%;
F1 16 � 54:76, p 5 0:0001) and the second navigation as well (respectively 100% versus
70.7%; F1 16 � 254:78, p 5 0:0001);
(ii) a shorter exploration time in comparison with both the first navigation of blindfolded
sighted subjects (respectively, 950 s versus 2639 s; F1 16 � 20:092, p 5 0:0001), and the
second navigation as well (respectively, 950 s versus 3909 s; F1 16 � 14:5, p � 0:0015).

Thus, the environment is clearly sufficiently well encoded by the TVSS at a resolution
of 8612 pixels.

,
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5 Discussion
The main objective of our research was to study whether blindfolded sighted subjects
would be able to carry out a spatial navigation task in a true 3-D maze, by remotely
controlling a mobile robot and using visuo-tactile information. We have succeeded in
revealing for the first time that it was possible for subjects to carry out such a task
on the sole basis of visuo-tactile information in a limited number of sessions. As initial
TVSS studies (Bach-y-Rita et al 1969; White et al 1970; Bach-y-Rita 1972; Collins et al
1973) had showed, blindfolded sighted subjects were able, from the very first trials, to
detect and identify simple targets.

Once we had analysed the results, we noted a training effect at several levels.
(i) First of all, an improvement in discrimination performance during familiarisation/
assessment phases was noted as the familiarisation criterion was met faster. (ii) 2-D
object-discrimination capacities, solicited in familiarisation/assessment phase, underwent
a generalisation in navigation phases. Although they were often perceived while being
in perspective, instead of facing the front of the robot, and being perpendicular to the
TV camera, triangular cues were still recognised. This positioning distorted the visual
images projected to the TVSS electrotactile array. When using a sensory-substitution
device, we discovered a phenomenon similar to the one observed in visual modality.
The phenomenon consisted in identifying objects, in spite of the different angles from
which they were perceived, because their frontiers remained unaltered. (iii) Lastly, an
improvement in the rate of correct replies (ie choices regarding cues) and exploration
time from one zone to the next (set to a single 1 m2 surface unit) was observed. The
difficulties subjects encountered in the first exploration seemed to have decreased
during the second exploration. Furthermore, exploration time rapidly decreased from
the second zone in the first exploration, before remaining steady from the third zone.
In the second exploration, subjects did not lose the skills they had acquired during
this training.

Our second goal was to consider whether there was a possibility that subjects
performing the task subjectively experienced the perception of cues as if the latter
faced them in extra-corporeal space. This phenomenon refers to the pioneer work by
Bach-y-Rita and his colleagues (Bach-y-Rita 1972; Guarniero 1974, 1977), who showed
that this subjective experience appeared after training with the TVSS thanks to subjects'
self-initiated actions on the camera.
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Figure 10. Evolution of average exploration time for navigation under visual control (by watching
the TVSS screen) throughout the 5 zones (with standard deviations), set to a single 1 m2 surface.

16 H Segond, D Weiss, E Sampaio



According to Lenay (1997), the TVSS is a system that offers the possibility of
experimentally studying the issue of consciousness of something being externalised
called `intentionality'. According to this author, perceiving things in space makes it
difficult for subjects to consider (or master) the simultaneity of various events by, once
again, feeling the same sensations they had experienced in a previous `position' after
returning to it with a `gaze'.

The subjects' testimonies in this experiment suggested an externalising phenomenon
did exist. When carrying out the first navigation, most subjects reported that they
perceived the cues on their skin. Subsequently, during the second navigation, none of
the subjects reported any longer perception of stimuli solely on the skin. They said
that they subjectively experienced shapes in the space facing them.

The way subjects perceived themselves in relation to the space they were exploring
increased their feeling about their externalising cues. Very soon, subjects felt involved in
the space they were exploring when in front of the cues, as well as when exploring the
maze environment. While carrying out the route in the second navigation, subjects
were `inside' the maze just like the robot. During the second navigation, depth was
perceived more intensely as well. This was generated mainly by one clue, such as the
apparent size of triangular cues and lateral stripes. Subjects interpreted decreasing
tactile images on the matrix as moving-away cuesöand, conversely, increasing tactile
images as moving-closer cues to be a consequence of their actions; they did not merely
perceive the decrease or increase of shapes.

Although the robot receiver physically explored space and thereby supplied visual
information, subjects felt they were involved in this space. This feeling made us
question the nature of spatialisation in subjects. This navigation task was carried out
via TVSS information. So, did this task enable subjects to mentally build a space by
exploring the maze step-by-step and discriminating the cues via the robot, or did subjects
try and rebuild a space on the basis of a representation they had elaborated from the
exploration carried out under visual control in session 2? This question, which involves
specialisation genesis, will be partly answered with the most recent studies in progress
with blindfolded sighted and congenitally blind subjects.

Lastly, subjects had a particular attachment to the upwardly opening triangular
cues. When recognising them, subjects explicitly expressed their jubilation: ``That's it,
I've made it!'' `̀ It's just in front of me!'' `̀ It's the right door!''. This cue category repre-
sented the item target they had to find. It was the one that was required to be correctly
identified in order to progress in the navigation. One could question whether in the
process of this task, via the particular connotation such a cue became linked to,
subjects acceded to the qualia of sensory experience, in terms of affection quality of
tactile stimulation (cf Bach-y-Rita 1995, 1997; Bach-y-Rita et al 2003). As Bach-y-Rita
had already pointed out, experiencing these qualia may suggest that it is difficult to
accede even to this emotional content for TVSS-equipped subjectsöin particular for
the early blind. This emotional content can, however, occur in the experiencing of
sensory substitution in certain conditions connected to the context. This affection value
was associated with a particular kind of stimulation, according to the particular mean-
ing subjects gave it when performing exploration, such as a key allowing them to carry
on their way. Even though speculative, this hypothesis offers prospects for important
studies which could lead to therapeutic, educational, and game applications involving
sensory-substitution devices oriented towards visually impaired subjects.

Performance made possible by these devices remained dependent on technological
improvements (such as miniaturisation and video resolution) and on efficient training
procedures in order to be self-sufficiently used in everyday-life environment. Our current
studies with blindfolded sighted and congenitally blind subjects have continued with a
large number of electro-tactile and vibro-tactile sensory-substitution `human machine
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interfaces' (HMI) developed and applied to various surface areas. The tongue, in
particular, provides a practical HMI (very sensitive and highly mobile). These devices
can be used by persons with visual damage (they learn to make perceptual judgments
using visual means of interpretation such as perspective, parallax, zooming, and depth
estimates) or with bilateral vestibular damage (using a head-mounted accelerometer
and an electro-tactile HMI through the sensory receptors of the tongue, allowing them
to re-establish head-postural control). And last but not least, behavioural data on visual
information perception by tactile modality are to be completed soon by a complementary
behavioural and neuroimaging (fMRI and PET study) approach to cerebral changes
and brain plasticity due to intensive training with visuo-tactile devices in blindfolded
sighted and blind subjects. This study will provide some essential additional data for
understanding sensory substitution, spatialisation, and externalisation phenomena.
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