A B S T R A C T

The technological advances of the twenty-first century have brought a significant breakthrough in the medical world and especially in neuroprosthetic systems (prostheses able to connect to the neural system to recover a sense). However, these devices are highly invasive and still barely restore the missing sense. On the other hand, the field of sensory substitution (using a sense to compensate another) failed to reach market despite its non-invasive approach. This document presents the conception of the first neuromorphic tactile sensory substitution device, merging the domains of neuroprosthetics and sensory substitution. After a presentation of the state of art of the domains at the core of this work, we will introduce the device and present its chronological evolution and technical choices. We will then in a second stage introduce the validation studies that have been carried out to test the tactile neuromorphic device on blind and healthy control patients. The first study relies on psychophysical tests carried out to evaluate the link between spatial and temporal resolution of the developed device. The test relied on the ability of subjects to detect the direction of motion of a point sent on the tactile belt contacting the back of the subject. This test reveals learning processes across multiple sessions and shows the presence of either perceptual or decision biases. It also explores the long-term effect of learning while attempting to correct the identified biases. The first results show that an event-based system provides the elementary relative temporal precision needed to perform simple tasks, with results comparable to the previous state of the art in vibrotactile systems. In the second study, the neuromorphic tactile system is coupled with an artificial silicon retina. A clinical trial is performed to study the performances of the developed device in a more complex environments using an incremental learning method. This study also evaluates the subjects' feedback on the ergonomics of such an equipment. Ten visually impaired and five well-sighted subjects were selected. Subjects were able to detect objects in motion, discriminate the spacing between shapes, find a target in a scene with variable brightness, follow a signaled path on the ground and even avoid potential obstacles.

R É S U M É :

Les avancées technologiques du XXIème siècle ont permis de grandes avancés dans le monde médical et notamment vis à vis des systèmes de neuroprothèses. Cependant, ces dispositifs sont invasifs et peinent à restituer la sensation manquante. D'autres part, les systèmes utilisant la substitution sensorielle sont peu employés malgré leur approche non-invasive. Ce document présente la réalisation du premier système tactile de substitution sensorielle neuromorphique, en venant fusionner le domaine des neuroprothèses avec celui de la substitution sensorielle. L'évolution du dispositif jusqu'à sa version la plus aboutie est détaillée. Le système est testé au sein de deux études. La première permet d'étudier la discrimination spatiale et temporelle des sujets. Il rend possible l'évaluation de la capacité de discrimination de mouvement d'un point via le dispositif porté sur le dos. L'apprentissage à travers de multiples sessions est évalué et la présence d'un biais perceptif et/ou décisionnel est observé. Cette étude explore également l'effet à long terme de l'apprentissage tout en tentant de corriger les biais présents. Les premiers résultats montrent qu'un système tirant parti d'informations évènementielles fournit des résultats comparables aux précédents systèmes de substitution sensorielle vibrotactiles. Dans la deuxième étude, le système tactile neuromorphique est couplé à une rétine artificielle. Une étude clinique permet d'étudier l'évolution d'un tel dispositif dans un environnement plus complexe via un apprentissage progressif et personnalisé. Cette étude permet également d'évaluer les retours des sujets vis à vis de l'ergonomie d'un tel système. Dix non-voyants acquis et cinq bien-voyants ont participé à cette étude. Les sujets sont capables grâce à ce dispositif de détecter des objets en mouvement, de discriminer l'espacement entre des formes, de trouver une cible dans une salle à luminosité variable, de suivre un chemin signalé au sol et d'éviter un potentiel obstacle. Enfin, ce dispositif a reçu un retour positif de la part des sujets nonvoyants, avec le souhait de voir le système devenir moins encombrant et plus discret pour permettre une utilisation quotidienne. OptoTouch : Clinical trial of a tactile neuromorphic sensory substitution belt for visual impairment.

vii La vie culminant en l'homme est peut-être victime de cette confusion bien connue du randonneur, découvrant avec dépit, au terme d'une éreintante ascension, que ce qu'il croyait être le sommet n'était qu'une crête, que le but convoité est encore loin, que pour l'atteindre il lui faut d'abord redescendre dans la plaine. Totalement Inhumain -Jean-Michel Truong
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C O N T E N T S

Crocodiles are thought to be among the most sensitive species in the animal kingdom if we focus on... their sense of touch. Crocodiles have evolved in a way that their sense of touch has developed multisensory organs, allowing them to detect slight vibrations in the water to lead them to their prey [START_REF] Di | Crocodylians evolved scattered multi-sensory micro-organs[END_REF]. This evolution of the skin is remarkable, especially when knowing that crocodiles have an excellent visual system allowing them to see animals when outside the water. However, when underwater, despite the nictitating membrane, their visual system is not good enough, and that is where they rely on touch.

The animal kingdom is full of diversity and creativity in improving senses to match the requirements of the environment. Animals, insects and even plants use many different systems to detect changes in the world and use even more complex communication techniques to mix all of those signals to be able to act.

Understanding nature allows us to copy it, and therefore brings more robust techniques to engineering. It also allows us to infer deeper insights on how nature evolved and on a wider scheme perhaps un-derstanding more its mechanisms.

This document aims at presenting three and a half years of work to help unsighted people and more generally people with visual impairment to have access to a new tool to compensate for their handicap. The OptoTouch project, presented in this document, aims at creating a new sensory substitution device to help unsighted people to recover autonomy in their daily life, taking advantage of the neuromorphic field.

Neural prostheses are making significant advances in the field of sight restoration, [START_REF]Pixium technology[END_REF] inducing a leap forward in the field. The initial results of such systems although promising, must still face several challenges, to cite a few: our lack of understanding of the complexity of the visual system, biocompatibility, pricing, and perhaps the most important one, surgery and the invasive nature of such devices. Neuroprostheses showed that high temporal time resolution stimulation increases performances of subject carrying out visual tasks [START_REF] Benjamin Benosman | High Temporal Sub-millisecond Time Resolution Stimulation Increases Performances of Retina Prosthetic Vision[END_REF]. This new paradigm was recently discovered and evidence showed that targeting the temporal resolution of the brain helps to decode and interpret stimuli.

We design the OptoTouch device with the idea to address neuroprostheses' issues, using the same technology as the retina implant technology but this time by changing the stimulation modality and targeting the skin rather than the retina's remaining cells. This process called sensory substitution allows us to convey visual information through an other sensory modality, the idea being to compensate for a perceptual handicap thanks to the use of another sense. While these techniques exist since few decades, the main novelty here is the use of a neuromorphic event based camera that will allow us to extend the temporal precision of the tactile modality and therefore being able to inject differently the information inside the system. Another major choice was to send almost raw high temporal resolution visual information directly to the haptic system without preprocessing or selecting the nature of information to be sent.

We show that this device although simpler, noninvasive and easily usable has identical performances as the most expensive available retina implant while being a thousand times cheaper.

visual impairment

A report from the World Health Organization indicates that there are 47 million blind people around the world [START_REF]Blindness and visual impairment[END_REF]. This report is based on a recent meta-analysis founded by the Brien Holden Vision Institute [START_REF] Rupert Ra Bourne | Magnitude, temporal trends, and projections of the global prevalence of blindness and distance and near vision impairment: a systematic review and meta-analysis[END_REF]. Unsighted people suffer from different syndromes such as glaucoma, cataract or uncorrected refractory correction. This WHO's report shows that 90% of people presenting a visual impairment are present in developing countries. Out of 19 million young people who have a visual impairment, 1.4 million are irreversibly blind and reac-quire visual re-adaptability to allow a full psychological and personal development. According to WHO's report, since 1990, the total of people suffering from visual impairment decreased thanks to the development of the global economy, better information for the population and better services. Evolution in science and medicine allows to quickly prevent eye diseases from an infectious pathogen. Although the number of people suffering from visual handicaps is decreasing, there is still a large portion of the population that requires care to compensate for their disability.

Impact of visual impairment on daily activities

Out of all the senses, losing the sense of vision could be considered as having the deepest impact on a person's life. People often use the sense of vision as their main sense to interact with the modern world. However, a large amount of techniques can help unsighted people to live with this disability, allowing them to continue to practice sport such as skiing or climbing. WHO reports that visual impairment can prevent people from performing an everyday task, affect the quality of their lives and their ability to interact with their surrounding world.

Chapter 3 of the book "Making Eye Health a population health imperative" [START_REF]Making eye health a population health imperative: vision for tomorrow[END_REF] underlines several issues related to visual loss:

• Impact on the quality of life that decreases proportionally to the increase of the level of vision loss.

• Impact on dependence, that impacts the carrying out of daily activity (eating, dressing) and even more for modern society activity such as reading, socializing and interacting with objects. It also increases the necessity of long-term care for older adults.

• Impact on mobility: blindness implies a reduction of mobility and therefore often induces social isolation.

• Impact on falls, fractures, and accident: impairment raises about 20 % the risk of failing for people under 65 years old. Visual impairment increases the risk of fracture by two and the amount of subsequent injury. The risk of unintentional injury leading to death is also significant. Blindness also increases the adverse effect of other illness by the impact of the chronic condition.

• Impact on mental health: depression, anxiety, and other psychological problems statistically increase in the unsighted population. It may also lead to a higher risk of suicide.

• Impact on cognition: there is a statistical link between vision and cognitive impairment in adults, and notably for people with age-related macular degeneration. However, more research still needs to be carried out to explain this link. For children, it is also hard to assess the impact of the loss of vision on cognition because the factor causing blindness can also impact cognitive capability.

Cost of society to adapt handicap

The cost of blindness can go up to 100 billion dollars in the USA for people over 40 years-old [START_REF] Js Wittenborn | Cost of vision problems: the economic burden of vision loss and eye disorders in the United States[END_REF] and up to 56,52 billion euros for people over 50 years-old in Europe [START_REF] Chakravarthy | The economic impact of blindness in Europe[END_REF] per year. These numbers can vary depending on the model used, but most of them take into account numerous parameters such as medical vision aids, assistance programs, productivity loss, and entitlement programs.

purpose of the project optotouch

The OptoTouch project aims at improving the acceptability of sensory substitution devices to the blind population by using a paradigm shift brought by the neuromorphic field. Thanks to recent innovations, it is now possible to use artificial retinas. This solution has several advantages. It requires less power to acquire high temporal resolution visual information. It has a high dynamic range and more important acquires information compatible with brains processes [START_REF] Zeki | A massively asynchronous, parallel brain[END_REF].

In the first part of this document, we introduce previous work on sensory substitution and also a review of the different fields needed to carry out the project. In the second part, the different phases of the evolution of the developed device are introduced. The third and fourth parts introduce the psychophysical and clinical tests of the device, to show cases of its potential use and the range of tasks it could be used for. Finally, the last section, draws conclusions and presents the next steps required to make a daily wearable device.

Part II S TAT E O F T H E A R T

The sensory substitution has been a real challenge for sixty years from understanding the basis of biological sensors to their interpretation by the brain and the cognitive reorganization of this last. In this chapter, we cover the themes required by this study. First, the area of visual assistive devices is showed, from the design to recent innovations. Then, aspects of the sense of touch are developed. Finally, it presents a review of the field of neuromorphic engineering.

N E U R O M O R P H I C A R C H I T E C T U R E F O R TA C T I L E S E N S O R Y S U B S T I T U T I O N D E V I C E S

2.1 visual sensory substitution and assistive device 2.1.1 From the invention of sensory substitution to nowadays Sensory substitution has been invented by Bach-y-Rita in 1969 [START_REF] Bach-Y Rita | Tactile sensory substitution studies[END_REF]. The original question was to verify, by taking advantage of the other senses, if it was possible to restore vision. Results were awe-inspiring by allowing blind people to recognize shapes, text, movement and to realize other simple tasks. It led in 1998 to the development of an electro-stimulation of the tongue called the BrainPort. This wearable and low power technology is struggling to be widely used by unsighted people but has allowed to cure and study other pathologies such as proprioceptive troubles and mental diseases [START_REF] Danilov | New approach to neurorehabilitation: cranial nerve noninvasive neuromodulation[END_REF][START_REF] Bach-Y Rita | Tactile sensory substitution studies[END_REF]. From this initial discovery and in parallel, many researchers have given their effort to propose new devices, new modalities and to explain the biological brain mechanisms to make this technology mature. In the next section, we are going to make a review of the different systems used to help the unsighted patients, whether it is to help them to carry out a specific task or to try to recreate a full sensation of vision. This review will also present the actual most common technologies used to help unsighted people.

A review of the different technologies

Daily used devices to help unsighted people

Several devices are used to help blind people to interact with the world. The most used are the long cane, braille, helping dog and screen reader. With the fast improvement of technology, assistive devices are spreading [START_REF] Jouffrais | Les technologies d'assistance pour la qualité de vie et l'autonomie des déficients visuels (TAVIS)[END_REF]. This section presents the available devices and solutions used by the community of unsighted people.

braille and embossed picture

Braille is a technique used to present letters and numbers using tactile information, mainly dots. It was invented in 1929 and is still in use today. Embossed pictures are an extension of braille, but instead of using dots, the actual image is presented using the topography of a surface. Using 3D printing technologies, this kind of solution has become more straightforward to design. Electronic devices able to generate this kind of information dynamically have also been tried out [START_REF] Edwige E Pissaloux | A New Framework for Cognitive Mobility of Visually Impaired Users in Using Tactile Device[END_REF][START_REF] Norman | Braille display device[END_REF].

the long cane

The long cane is a tool which is going to extend the human hand in order to feel the environment located one meter ahead. The "long" cane is an evolution of the cane for walking and has been systematically used since the Second World War. It allows for the unsighted people to have accurate feedback of the world ahead, such as the location of objects, type of ground or the presence of bumps. This allows unsighted people to have all the information to avoid collisions with a static environment. Modern canes are often foldable, with a rolling tip to avoid quick degradation by friction, they are also white to be more visible by other pedestrians. Surprisingly, even if this technology seems trivial, unsighted people in developing countries barely benefit from this technology and still require human help to be able to move. It is usually advised to follow specific training in order to benefit from all its capability to travel with confidence and safety.

guided dog

Guided dogs are specially chosen and trained from birth. They are used to guide visually impaired people in the urban environment to avoid any discomfiture such as roadworks and to use the pedestrian crossing. However, this type of help can bring many drawbacks because of its cost, the necessity to take care of the animal and the possible emotional charge due to the natural loss of the dog when aging. Retinal implants or visual neuroprostheses are recent and advanced technology in order to try to restore senses. This field is in huge expansion with some very noticeable results, for example with spinal cord rehabilitation with a monkey after a stroke [START_REF] Capogrosso | A brain-spine interface alleviating gait deficits after spinal cord injury in primates[END_REF]. Visual implants can have many locations such as Epiretinal prostheses, Subretinal implants, or brain implants. However, depending on the region, the process stays mainly the same: a camera is recording visual information and those data are sent through an electronic processing system to one of the locations of the optical nerve. However, a visual implant is not the only solution to compensate for the visual loss.

Neuroprosthesis and implants

A review of the different medical solutions to restore or compensate visual loss is available in Dagnelie's review [START_REF] Dagnelie | Vision enhancement systems[END_REF]. We can extract some categories of implants :

• Optoelectronic and optical means, where light is focused on some part of the retina thanks to a network of lenses. The visual information is condensed to stimulate functional cells, improving the vision of subjects.

• Direct electrical tissue stimulation, where electrodes are applied on top of soft tissue to create an electrical signal directly on the visual nerve pathway. They are the basis of visual neuroprostheses.

• Retinal cell transplantation, where inactive cells are replaced by healthy cells. This technology has the same drawback and advantages than other organ transplantation.

• Optic nerve protection and regeneration, to avoid cell to deteriorate and to improve natural human mechanism to restore inactive cells.

• Drug delivery, to try to thwart biological process degrading cells playing a role in the visual nerve pathway.

• Optogenetics, where cells are made sensitive to light thanks to DNA manipulation. Then a network of lenses is made to convey proper light stimulus directly on top of these cells. However, due to the poor light sensibility of the cells, this kind of device still requires to focus light and to use a camera.

It is possible to use the work of Denis [START_REF] Denis | Apport de la vision par ordinateur dans l'utilisabilité des neuroprothèses visuelles[END_REF] to count the number of neuroprosthetics projects. There are 5 projects of cortical neuroprosthesis, 3 of optical nerve neuroprostheses and 5 of retinal neuroprostheses.

The reader can refer to [START_REF] Denis | Apport de la vision par ordinateur dans l'utilisabilité des neuroprothèses visuelles[END_REF] (first chapter) for more details (the text is however in French). Some solutions are ongoing prototypes, and others are still ongoing clinical trials, but in both cases results are still unclear about how the brain can learn from the data that has been received. Brain plasticity plays a significant role in learning. With an implantable solutions, people can perceive phosphenes (sensations of light). However, it is known that neuroprostheses can also lead to parasitic information and confusion. For instance, the sensation of light is dependent on the position of eyes, creating a sensation of movement in front of the patient whereas only their eyes were moving and the camera was static [START_REF] Richard A Andersen | Encoding of spatial location by posterior parietal neurons[END_REF][START_REF] Sabbah | Importance of eye position on spatial localization in blind subjects wearing an Argus II retinal prosthesis[END_REF].

clinical trial results with neuroprostheses:

Several studies have been carried out to explore the functionality of neuroprostheses to solve tasks. Beleyer has made an interesting review to explain the latest information concerning systems for visual restoration [START_REF] Beyeler | Learning to see again: Biological constraints on cortical plasticity and the implications for sight restoration technologies[END_REF].

The study of Stingl [START_REF] Stingl | Artificial vision with wirelessly powered subretinal electronic implant alpha-IMS[END_REF] featured a subretinal implant including 1500 pixels at a refresh rate of 5-7 Hz. Each pixel can generate a pulse of 1 millisecond and the field of vision of the device is a "diamondshaped visual field of 10°x 10°". The first task consists of 5 exercises: light perception, light source localization, motion detection, grating acuity measurements, and visual acuity measurement with Landolt C-rings. The second task consists in identifying objects with good lighting of six possible geometrical objects and in the second part, four of six tableware objects. The subjects were asked to report the number of observed objects, to locate them and to name them. A task of letters recognition was also proposed. Tests were performed over a nine months period.

In the study of Humayun [START_REF] Mark S Humayun | Interim results from the international trial of Second Sight's visual prosthesis[END_REF], they explored the Argus II Retinal Prosthesis System in blind subjects. The device includes 60 electrodes that are positioned on the surface of the retina. A camera records and sends the information to the electrodes. The field of vision of the device is about 20°across the diagonal. Subjects were evaluated for 36 months. The tests consist in localizing a square, detecting the direction of motion, indicating the path of a white line, differentiating the orientation of black and white bars of a range of widths. For kind of real-world test, people need to find a door across a room and to follow a white line on the floor.

The study of Dagnelie [START_REF] Dagnelie | Performance of real-world functional vision tasks by blind subjects improves after implantation with the Argus® II retinal prosthesis system[END_REF] presents the next version of tests on the Argus® II retinal prosthesis system, this time on simple daily tasks. Those tasks consist of sock sorting, sidewalk tracking and detecting the movement of a person.

Finally, Zrenner [START_REF] Zrenner | Subretinal electronic chips allow blind patients to read letters and combine them to words[END_REF] tested a 1500 microphotodiodes array linked to a 4x4 electrodes for electrical light-independent stimulation, connected to the subretinal part of the eye. The device is able to provide a field of vision of 11°by 11°. Tasks consist of:

• Gratings of variable width, Landolt 'C' ring, letters and random dot patterns moving in four different directions to assess spatiotemporal resolution.

• Identification of white items on a homogeneously illuminated black tablecloth.

• Differentiation of four geometric objects with identical surface areas and capital letters.

• Presentation of clock face for testing angle and size recognition.

• Determine contrast vision of cards of different luminance presented in pairs.

Results show that some subjects are able to perform tasks well above the chance level.

In conclusion, a Beleyer's study [START_REF] Beyeler | Learning to see again: Biological constraints on cortical plasticity and the implications for sight restoration technologies[END_REF] reminds us that the vision created by these devices is drastically different from normal sight. Moreover, tasks seem to show a great work-ability but are still mainly limited to laboratory experiments. It is also limited to closed tasks, which means that the number of stimuli is limited. That can add bias to results where subjects are able to make differences between a specific set of stimuli but won't be able to detect a new one. Moreover, millisecond stimuli have been widely forgotten while it is essential as presented [START_REF] Benjamin Benosman | High Temporal Sub-millisecond Time Resolution Stimulation Increases Performances of Retina Prosthetic Vision[END_REF].

More details about the future of neuroprosthetics for vision can be found in the part "Future challenges" of [START_REF] Picaud | Retinal prostheses: clinical results and future challenges[END_REF].

Sensory substitution devices

Since the discovery of sensory substitution, several devices have been designed. There are many reviews of existing systems; the reader can refer to [START_REF] Moraru | About Visual Sensory Substitution[END_REF][START_REF] Bach-Y | Sensory substitution and the human-machine interface[END_REF][START_REF] Sivan | Computer Vision based Assistive Technology for Blind and Visually Impaired People[END_REF] for a broad overview of existing systems.

For decades sensory substitution has explored a large amount of technology, leading to a rich panel of devices and senses recovery. The OptoTouch project focuses on the creation of a portable device located on the back to convey visual information from a camera thanks to a tactile stimulus. According to feedbacks from projects on the field, the autonomy of locomotion is one of the essential purposes for unsighted people. Thus, we will focus on the three next fields:

• Sensory substitution device on the chest,

• Sensory substitution device coupled to a camera,

• Sensory substitution device for locomotion purpose.

In chapter 3 and 4, we will present the use of our sensory substitution device to solve different kinds of tasks. A brief review is made at the beginning of each chapter to present other projects completing the same type of tasks and compare the results to our device.

sensory substitution device on the chest

Sensory substitution devices have been located on several parts of the body to convey information. One of the primary interest of the chest is its availability because the skin in this area is large and is not used daily to interact with the world. It is also a relatively flat surface which can help in the design. A drawback is his sensitivity and is presented in the section on the skin 2.2.3. Tyflos is a system to wear on the torso with a 2D vibration array consisting of 16 (4x4) miniature vibrators connected to a portable computer [START_REF] Dakopoulos | A 2D vibration array as an assistive device for visually impaired[END_REF]. The purpose of this device is to capture the environment thanks to different sensors and to convey information to the user. In addition to the motors, it also includes a speaker to send vocal information to the subject. Several algorithms have been tested but the reported experiments only allow to provide simple feedback. More complex studies need to be conducted to explore this technology. Tactile jackets have been developed to convey information to soldiers and helicopter pilots during combat missions [START_REF] Lam | Vibrotactile pattern recognition on the torso with one and two dimensional displays[END_REF], reaching nearly 98% accuracy in a pattern recognition task. This device includes a matrix of four by four pancake pager motors because of their price and their lightweight. Actuators are separated by 40 mm vertically and 60 mm horizontally for the first version. The second version consists of a belt with only a one-dimensional array of the same actuators, leading to a set of 8 actuators separated by 80-100 mm.

Ouyang [START_REF] Ouyang | Vibrotactile Displaying of Flight Attitude with 2 Combination of Multiple Coding Parameters 3[END_REF] developed a tactile jacket to study how many different stimuli can be sent to detect the orientation of a plane and feel the amount of danger in a specific situation. He was able to reach a mean of 90% correct responses with a resolution within 5 degrees for 14 possible angles.

Another device was made by Bahadir [START_REF] Senem Kursun Bahadir | Wearable obstacle detection system fully integrated to textile structures for visually impaired people[END_REF], who completely integrated the actuators inside a textile and reported that participants could avoid obstacles during locomotion. Three motors are located on each wrist and one coin motor is located on each hip. Ultrasonic sensors are located on the torso and are spaced by 20 cm. However, no clinical trial was carried out.

Van Erp produced a similar device and studied ways to lower the cognitive load and to avoid obstacles [START_REF] Van Erp | Obstacle Detection Display for Visually Impaired: Coding of Direction, Distance, and Height on a Vibrotactile Waist Band[END_REF]. It consists in a 3 by 3 array of circularly shaped pancake motors worn on a stretch material able to apply equal pressure on each motor. The distance to objects is encoded thanks to the number of repetitions. They tested if subjects are able to discriminate all the possible cases encoded into specific patterns (object direction, distance, height, and type)als by adding a sound to identify the compound signal. the study relied on different types of sequences to present the information and their impact on the cognitive load.

Several studies were also conducted to characterize the spatiotemporal functionality of the skin surface, in order to assess the resolution of the back, especially with vibrotactile stimulation [START_REF] H Christiaan Stronks | Vibrotactile spatial acuity and intensity discrimination on the lower back using coin motors[END_REF]. The device consists of ten motors arranged in a cross shape, located such that several parameters could be studied, including the spacing in between them.

In order to reduce system clutter, Phamduy [START_REF] Phamduy | Communicating through touch: Macro fiber composites for tactile stimulation on the abdomen[END_REF] has created flexible and deformable textiles. It will help to create a fully electronic textile to convey tactile information. Even if this technology seems promising, no actual test was carried out on this device.

Other devices are focusing on conveying information about the relative position of the north [START_REF] Silke | Sensory augmentation for the blind[END_REF]; by indicating a constant location poin. This allows unsighted people to locate themselves in space and walk straight. Some devices use an infra-red sensor in order to convey the direct and close obstacles located 360 degrees around [START_REF] Robert K Katzschmann | Safe Local Navigation for Visually Impaired Users With a Time-of-Flight and Haptic Feedback Device[END_REF].

Finally, Bourbakis [START_REF] Bourbakis | A system-prototype representing 3D space via alternative-sensing for visually impaired navigation[END_REF] uses a tactile device on the torso to convey the distance, and height of obstacles located in the visual field of the sensor.

To make an overview of the previous devices, it is easy to see that a large portions of developed systems limit the spatial resolution of the actuators. This is linked to a limitation in the information to convey as it has been shown that too much information can create confusion. Moreover restricting the number of motors reduces power consumption, weight, and allows to maintain ergonomics to avoid bulky systems.

Our device aims to be as close as possible to the resolution of the camera to reproduce the large resolution of the first dental chair of Bach-y-Rita while keeping it portable, functional for a daily use and allowing for a high temporal resolution.

sensory substitution device coupled with a camera

Bach-Y-Rita designed the first device using sensory substitution in the late 1960's [START_REF] Bach-Y Rita | Vision substitution by tactile image projection[END_REF]. He showed that blind people could recognize simple objects, especially when the subjects were free to manipulate the camera, thus enabling an action/perception loop [START_REF] Johnson | A navigation aid for the blind using tactile-visual sensory substitution[END_REF]. The first device was a dental chair including 400 actuators and connected to a television camera. This device has the advantage to have a huge resolution but was not portable. The system was also too power consumptive to allow for a portable system. The next and ultimate realization of Bach-Y-Rita is the Tongue display unit or Brainport [START_REF] Bach-Y Rita | Form perception with a 49-point electrotactile stimulus array on the tongue: a technical note[END_REF]. This device converts tactile sensations to the tongue thanks to weak electrical stimulation with a resolution of 49 to 144 tactile location, depending on the version of the device. Thanks to this system, many tests were carried out in order to track an object [START_REF] Chekhchoukh | 2ème Conférence Internationale sur l'accessibilité et les systèmes de suppléance aux personnes en situations de handicaps[END_REF], to perceive shapes [START_REF] Kaczmarek | The tongue display unit (TDU) for electrotactile spatiotemporal pattern presentation[END_REF][START_REF] Bach-Y Rita | Form perception with a 49-point electrotactile stimulus array on the tongue: a technical note[END_REF], to recognize short words, to locate simple objects, to detect motion and orientation of object [START_REF] H Christiaan Stronks | Visual task performance in the blind with the Brain-Port V100 Vision Aid[END_REF] and to evaluate navigational skill [START_REF] Nau | Acquisition of visual perception in blind adults using the BrainPort artificial vision device[END_REF]. The main limitations of the device are its spatial resolution.

A promising way to convey visual information is by using vibrations with a belt. This belt is connected to a video camera [START_REF] Mcdaniel | Using a haptic belt to convey non-verbal communication cues during social interactions to individuals who are blind[END_REF]. Using a line of 7 coin motors separated by 7.62 cm, this system aims at locating the presence of a person and its distance. The distance is encoded by the vibration rhythm and the direction thanks to vibration location. However, only direction cueing was a success., Others implementations can be found in Cosgun's evaluation [START_REF] Akansel Cosgun | Evaluation of rotational and directional vibration patterns on a tactile belt for guiding visually impaired people[END_REF].

A recent system uses the capability of the Kinect to convey information about the depth of the scene in front of the camera [START_REF] Lykawka | Tactile Interface Design for Helping Mobility of People with Visual Disabilities[END_REF]. They convey the information using a matrix of 7 by 5 motors taken from cell phone devices. The device is maintained on the belly with a belt. This system is efficient but is limited by the heavy set-up, located on a rolling cart. Tests were carried out to detect moving objects and to walk around in an environment with obstacles.

Because of the resolution of the device and of the complexity of a natural scene, it could be interesting to help the unsighted person to identify objects that are in front of them. A Sivan's study [START_REF] Sivan | Computer Vision based Assistive Technology for Blind and Visually Impaired People[END_REF] presents several devices which could benefit from his work by creating algorithms able to detect components in a scene, such as doors or objects. Then, depending on the modality of the device used, it is then possible to convey the information thanks to sound or vibration.

Finally, the Voice is a device using a camera to convey visual information into sound. It converts the vertical position of the luminous object into different audio frequency and with different sound depending on the location on the recorded scene. A study introduced in [START_REF] Auvray | Learning to perceive with a visuo-auditory substitution system: localisation and object recognition with 'The Voice[END_REF] allowed to show what strategies subjects use to localize and recognize objects with this device.

sensory substitution device for mobility

Indicating a path for a subject may be a complex task, and there are different ways of doing it. Adebiyi [START_REF] Adebiyi | Assessment of feedback modalities for wearable visual aids in blind mobility[END_REF] studies the relevance of different sensory modalities in order to indicate the path to a blind person, without showing any particular impact of one modality on another. Subjects are wearing bone-conduction headphones to convey information and wear a jacket including 6 vibration motors attached to individual points on the subject's torso. It helps to compare auditive and tactile modalities to solve a task. This study shows that, independently of the modality, subjects perform similar results.

Other ways of conveying sensory information, without a camera, exist. Information can be sent symbolically. Tang [START_REF] Tang | An oral tactile interface for blind navigation[END_REF] for instance, sends directional cues on a mouthpiece placed on the roof of the mouth by simulating the shape of an arrow. It allows detecting the direction of movement with accuracy depending on the horizontal or vertical direction of the information.

Other projects can be mentioned such as PocketNavigator [START_REF] Pielot | PocketNavigator: studying tactile navigation systems insitu[END_REF]. Pocket-Navigator is an application using the vibration of a smartphone to indicate the direction to follow without having to look at the cell phone. Because the system is available on the app store, it has been possible to collect data to study performances of such an approach. The directions to follow are indicated using specific and easy recognizable vibrotactile patterns.

The Tactile Handle [START_REF] Bouzit | Tactile feedback navigation handle for the visually impaired[END_REF] is using tactile feedback thanks to a tactile array located in a tube. Thus people are able to feel tactile information thanks to their phalanges. It leads to sixteen vibrotactile actuators able to code a large range of information. A study has been carried out to evaluate the performance to detect the individual motors. It leads to an accuracy detection higher than 60% of success in most cases. No in-situ tests have been reported in the literature using this device.

Zelek's device [START_REF] John S Zelek | Seeing by touch (haptics) for wayfinding[END_REF] consist of a tactile glove containing 14 motors to stimulate different parts on both sides of the hand. The location of the motors has been established so that each motor can be identified independently. The information is collected with a stereo camera. The position and depth of obstacles are extracted from the camera and sent to the haptic glove by modulating the intensity of the motors according to the distance to the obstacle.

The UltraCane has two ultrasonic sensors and two vibrating actuators to detect obstacles. This system is a complement to the white cane, allowing thanks to vibration to detect an obstacle at a larger range. The Miniguide is a device working similarly.

Boukakis proposed an interesting device by suggesting to transmit information about the 3D environment for navigation [START_REF] Bourbakis | Sensing surrounding 3-D space for navigation of the blind[END_REF]. The proximity of an object is encoded using spatial concordance and rapidity of vibration. However, the process requires processing time and cannot generate information faster than one frame per second. The system is also not wearable for the moment. Capelle [START_REF] Capelle | A real-time experimental prototype for enhancement of vision rehabilitation using auditory substitution[END_REF] developed a prototype able to convey edge detection and graded resolution from a visual scene. This information generates, for each pixel of the picture, a sinusoid with a specific frequency. The final audio sounds are the sum of all the different sinusoids. This device had lead to psychophysical tests [START_REF] Arno | Auditory coding of visual patterns for the blind[END_REF], showing an improvement in visual recognition tasks for subjects. Meijer [START_REF] Peter | An experimental system for auditory image representations[END_REF] developed a device which can convey pitch and brightness of a video into loudness. This sound is created by scanning the image at a rate of one frame per second. It is also interesting to speak about the technology of Van[176]. This technology is low cost and can detect and avoid obstacle with good efficiency. However, it still requires improvements as it fails to detect holes and steps.

The NAVIG device is a solution introduced in [START_REF] Katz | NAVIG: Navigation assisted by artificial vision and GNSS[END_REF]. This solution combined both information coming from a global navigation satellite system and a visual recognition system. After information processing, data is conveyed to the user using an audio interface. Algorithms have shown good performances to detect and discriminate specific objects such as doors and to identify their spatial location.

Advice and pitfalls in designing sensory-substitution devices

As seen previously, sensory substitution has been widely studied over the past years. However, few devices taking part in this technology are used by unsighted people [START_REF] Giulia V Elli | Is there a future for sensory substitution outside academic laboratories?[END_REF]. This section is going to present those pitfalls and some advice to avoid them.

Many studies have given the advice to help to the conception of sensory substitution device and to limit potential pitfalls [START_REF] Kristjánsson | Designing sensory-substitution devices: Principles, pitfalls and potential 1[END_REF][START_REF] Lenay | Sensory substitution: Limits and perspectives[END_REF][START_REF] Maidenbaum | Sensory substitution: closing the gap between basic research and widespread practical visual rehabilitation[END_REF][START_REF] Peter | Haptic wearables as sensory replacement, sensory augmentation and trainer-a review[END_REF]. Those limitations were already known a long time ago [START_REF] Kaczmarek | Electrotactile and vibrotactile displays for sensory substitution systems[END_REF] but downsizing of the electronic components was still not mature enough to be used at that time. Limitations came from their implementations which are expensive, can induce social judgment and require longer training. Moreover, devices were studied into a controlled environment. Many unexpected events can occur in the outdoor environment, endangering the lives of users. According to previous studies and reviews [START_REF] Dakopoulos | Wearable obstacle avoidance electronic travel aids for blind: a survey[END_REF][START_REF] Kristjánsson | Designing sensory-substitution devices: Principles, pitfalls and potential 1[END_REF], it is possible to define what should be avoided when building a sensory substitution devices. In the conception of the Op-toTouch device, a particular attention was paid to those recommendations.

Despite this methodological approach, one may wonder why after decades of work in the field of sensory substitution, no system suc-ceeded in proposing a viable device. As seen previously, neuroprostheses are targeting the visual cortex by using precise timing stimuli, at a millisecond scale [START_REF] Benjamin Benosman | High Temporal Sub-millisecond Time Resolution Stimulation Increases Performances of Retina Prosthetic Vision[END_REF]. We believe that one of the huge drawbacks of the sensory substitution field was to never target the biological asynchronous signal processing of a human [START_REF] Zeki | A massively asynchronous, parallel brain[END_REF] nor to target the temporal precision of the sense they are tapping in. Indeed, all previously cited devices are using a conventional frame based system to convey visual information. This as we will show undoubtedly leads to mental overload and inadequate signaling.

2.1.4

The psychophysical approach of sensory substitution

The importance of learning

The process of learning is a crucial parameter in sensory substitution devices. Indeed, cerebral plasticity occurs after a long period of training. Studies show that human movement and learning are essential for self-development [START_REF] Bunker | The role of play and motor skill development in building children's self-confidence and self-esteem[END_REF][START_REF] Doyon | Distinct contribution of the cortico-striatal and cortico-cerebellar systems to motor skill learning[END_REF]. For instance, the action to catch a ball is not intuitive and came from a continuous training. Training a sense is also something important to increase its efficiency [START_REF] Bernard | Sensorimotor learning of sound localization from an auditory evoked behavior[END_REF][START_REF] Darainy | Perceptual learning in sensorimotor adaptation[END_REF][START_REF] Fine | Comparing perceptual learning across tasks: A review[END_REF][START_REF] Robert L Goldstone | Perceptual learning[END_REF]. Because we want to send new information by different modalities, people need to train to understand the signification of each stimulus.

Training is important when using sensory substitution devices [START_REF] H Christiaan Stronks | The role of visual deprivation and experience on the performance of sensory substitution devices[END_REF]. It improves the ability and the rapidity to succeed at a task. Learning improvement is visible on many different tasks and people try to generalize this effect. However, it is a complex task because learning depends of many parameters. For instance, for a sound discrimination task, there is a rapid improvement for the first training session and a slow improvement for the last session. This improvement is not dependent on the sound localization but only of its frequency [START_REF] Beverly | Different patterns of human discrimination learning for two interaural cues to sound-source location[END_REF] Thus, training is essential and complexifying tasks may be useful to improve learning. An example of the impact of task complexity can be found in an Arnold's study [START_REF] Arnold | Tactile recognition of visual stimuli: Specificity versus generalization of perceptual learning[END_REF].

the importance of feedback

During the process of training, feedback is essential. It can be active or passive. A passive feedback happens when a person is going to feel something, and someone else explains the phenomenon. An active feedback occurs when the patient can interact with the sensing device and control it, such that the action of the patient generates each stimulus. Avoiding feedback can lead to the miss-understanding of a signal or just to a sensation of noise. Bach y Rita with their system had put a fixed camera to look to an object. People were unable to identify any of the stimuli. However, as soon as patients were able to manipulate the camera, they improved detectability and started to learn and to understand the signification of the stimulus, considering their ambient environment [START_REF] Bach-Y Rita | Tactile sensory substitution studies[END_REF]. This effect is also noticed with the prostheses of limbs. A panel of paraplegic people was equipped with virtual reality glasses and a tactile vest. The tactile vest was reproducing the sensation of the contact of virtual legs on different surfaces. This method elicits improvement to detect the position of legs only by using tactile feedback, and also the possibility to detect floor texture after some training [START_REF] Shokur | Assimilation of virtual legs and perception of floor texture by complete paraplegic patients receiving artificial tactile feedback[END_REF]. This experiment is encouraging for further study and give a particular example of the importance of feedback.

The impact of sensory substitution on the brain

The use of a tactile sensory substitution device helps to understand how the brain works but also to help solving visual tasks via a different sensory modality [START_REF] Laurent | Cognitive and brain mechanisms in sensory substitution of vision: a contribution to the study of human perception[END_REF]. Sensory substitution raises much debate about the sensory modality that comes into play when using such devices [START_REF] Martin | Sensory substitution is substitution[END_REF]. It was initially considered as a way of seeing, allowing to reactivate the visual area and thus to "return the sight" in a way similar to what people would expect of neuroprostheses [START_REF] Bach-Y Rita | Seeing with the brain[END_REF]. Bach-Y-Rita explains it by the fact that the vision is not related to the projected image on the retina but to the processing that the brains carries on the acquired information that is not linked to a specific modality.

Numerous studies have shown that the use of a sensory substitution device has activated the visual cortex via different modalities [START_REF] Arnold | Individual Differences in Sensory Substitution[END_REF][START_REF] Michael | Multisensory integration, sensory substitution and visual rehabilitation[END_REF][START_REF] Ptito | Cross-modal plasticity revealed by electrotactile stimulation of the tongue in the congenitally blind[END_REF][START_REF] Striem | Visual cortex extrastriate body-selective area activation in congenitally blind people "seeing" by using sounds[END_REF]. However, depending on the task performed, the cognitive process may also use other sensory parts of the brain [START_REF] Auvray | Learning to perceive with a visuo-auditory substitution system: localisation and object recognition with 'The Voice[END_REF]. It seems that the effect of a signal whatever the sensory modality used can activate another sensitive area. The existence of this effect is most likely because the brain runs tasks in parallel and is, therefore, able to perform a task of merging information from different senses. Thus, we can imagine that in certain parts of the brain, such as vision, development has been carried out in order to deal with the management and interpretation of movements. By changing the information modality, if the task remains the same, the subject can potentially use the mental representation of the task to use this part of the brain.

Many studies [START_REF] Vincent K Lee | Successful tactile based visual sensory substitution use functions independently of visual pathway integrity[END_REF][START_REF] Poirier | What neuroimaging tells us about sensory substitution[END_REF] showed that depending on visual history, tactile sensory substitution devices will not produce the same brain activity. Non-blind people can create virtual images of the tactile stimulus while for native blind people, the representation only stays in the tactile cortex. Because native blind people never used their visual cortex, they do not have the neuronal pathway to create a visual 3D representation. However, they instead use their tactile 3D representation of the world. Then all types of subjects (sighted and blind) can perform visual tasks using a sensory substitution device even if they do not use the same part of their brain [START_REF] Vincent K Lee | Successful tactile based visual sensory substitution use functions independently of visual pathway integrity[END_REF]. So, whatever the plasticity of the brain induced by blindness, people are able after training to interpret the task in its own way. To our knowledge, there is not enough evidence about sensory substitution device to show that some senses could limit the carrying out of tasks because it gives no access to the neural area specialized in the specific processing task.

In order to test the integration of a new meaning, Konig [START_REF] König | Learning new sensorimotor contingencies: effects of long-term use of sensory augmentation on the brain and conscious perception[END_REF] studies the effect of a system allowing to know the North continuously over several weeks. This study goes in the sense that a new meaning can be perceived, associated with the carrying out of a particular task.

Subjects are thus able to take advantage of this "new meaning" to improve the efficiency of a specific task in their daily life. This same task has also been studied for the auditory feedback [START_REF] Schumann | Sensory augmentation: Integration of an auditory compass signal into human perception of space[END_REF]. It seems essential for an adequate acceptability and performances of any sensory substitution device to have it used for daily activities [START_REF] H Christiaan Stronks | The role of visual deprivation and experience on the performance of sensory substitution devices[END_REF]. This specificity leads to constraints on the ergonomics parameters of creating such devices.

Thus, the implementation of a sensory substitution device must allow reasonably massive modularity to adapt to the specific needs of each subject, but also to take into account the cognitive and perceptual evolution of each person. It should be noted, however, that assessing perception and its interpretation of each individual is an extremely complex task, which can also depend on temporary effects such as fatigue, stress and environmental factors.

Arnold [START_REF] Arnold | Individual Differences in Sensory Substitution[END_REF] presents various processes that vary according to the people observed, and that will, therefore, condition the acceptability and the use of a sensory substitution device:

• Differences from the perceptual process, i.e., how is perceived by the individual the final interpretation that is made of information coming from a meaning.

• Inter-individual differences in the spatial representation of the world around us.

• Differences corresponding to other phenomena that may occur during the use of devices and whose interpretation remains uncertain. These phenomena can be very close to synesthesia [START_REF] Luo | synesthesie[END_REF].

• A difference for the neural organization of the brain, where several assumptions are made about it.

Thus, the perception of a sensory substitution device can be related to all or part of these components, necessarily coming to disturb the user's experience of the subject. He advises to focus efforts on setting up a sensory substitution device by taking into account parameters. For instance, not to use sensory links that are not performed by all (such as the phenomenon of elevation of noise depending on the height) or to focus on a spatial reference point.

More information on how to avoid biases and the effect of sensory substitution devices on brains can be found in [START_REF] Kałwak | Guidelines for quantitative and qualitative studies of sensory substitution experience[END_REF].

To our knowledge, the temporal impact of information sent to the brain, independently of the modality, has not been studied. We believe this is a crucial parameter because scientists cannot expect to understand brain mechanism if the conveyed information is biased. According to several studies [START_REF] Buracas | Efficient discrimination of temporal patterns by motion-sensitive neurons in primate visual cortex[END_REF][START_REF] Gerstner | A neuronal learning rule for sub-millisecond temporal coding[END_REF][START_REF] Mackevicius | Millisecond precision spike timing shapes tactile perception[END_REF][START_REF] Rucci | Miniature eye movements enhance fine spatial detail[END_REF], information are encoded at a millisecond scale resolution and are using the massively asynchronous organization of the brain [START_REF] Zeki | A massively asynchronous, parallel brain[END_REF]. Forgetting this important factor could only lead to unsuitable systems. To ensure properly conveying information, it is important to have a really robust device. This condition is essential because to precisely control the impact of the device on cerebral plasticity, it is important to maintain good repeatability of the stimulation. Moreover, for a long-term acceptability, the ergonomic factor is essential for a daily use, which is the purpose of our actual device.

the sense of touch

The OptoTouch device was created to convey visual information to the human skin. As detailed in section 2.1 many locations can be used to apply tactile sensations. Each part of the human body has particular properties and resolution. The reader interested in the physiology of the skin can refer to "Neurobranché" website [195] for more information. The human body has a skin surface of 2 square meters on average. It includes several sensors as nociceptors, thermoreceptors, and mechanoreceptors, heterogeneously distributed across the skin, depending on the area. Five different types of mechanoreceptors exist, each of them having a specific functionality. It is possible to classify tactile afferents according to two properties: the rate of adaptation and the receptive field.

An anatomical presentation of the tactile nerve system

The neural system is divided into two categories, the central and the periphery. The central nervous system includes the brain, the spinal cord, and the retina. The rest of the organs in the body are considered part of the periphery. In particular, the cutaneous and kinesthetic neural systems are part of the peripheral system. Kinesthetic senses convey the information produced by the receptors in muscles, tendons, and joints. Cutaneous sensors provide information about pressure, vibration, thermal and pain distribution. The sensations of friction, vibration, and texture are provided by mechanoreceptors, thermal changes by thermoreceptors and pain by nociceptors [START_REF] Démarchez | La biologie de la peau[END_REF]. The most accessible and less inconveniencing sensors are the mechanoreceptors, which will be stimulated by our device.

The sense of touch has been considered as a meaningful way of communication in the mid-twentieth century [START_REF] Frank | Adventures in tactile literacy[END_REF]. Indeed, touch has a good potential for sensory substitution because of the visual and tactile parallelism between the ability of temporal and spatial discriminability.

Mechanoreceptors have different afferent innervations, which are the number of neuronal sensors in a specific area, depending on their localization on the skin. For instance, the fingers have 2500 receptors per square centimeter. The threshold of intensity discrimination and two-point threshold [START_REF] Weinstein | Intensive and extensive aspects of tactile sensitivity as a function of body part, sex and laterality[END_REF] also vary a lot, depending on the kind of signal and its location, rendering challenging to generalize the information about sensation.

Three kinds of mechanical stimuli can be distinguished: pressure sensitivity, vibration sensitivity, and touch sensitivity (or tact). The skin can detect variations of pressure within frequencies between 30 and 1500 Hz. Five type of mechanical sensors can be found in the human skin as show partially on figure 3: merkel receptor: Merkel receptors have the shape of a disk. They are located in the basal epidermis and hair follicles. They have an average size of 1 mm, and they can detect slow pressures and tiny details. They allow perceiving a stimulus as long as this one is present. They can detect frequencies in a range from 0.3 to 3 Hz. Merkel receptors are the most common mechanoreceptors in glabrous areas of the skin. meissner receptors: Those receptors have a flange shape. They can detect quick pressures and friction. They cannot perceive continuous stimuli, but frequencies from 3 to 40 Hz. They are located at the surface of the skin, near the epidermis.

ruffini receptors: Ruffini receptors detect stretching. They look like cylinders and can perceive continuous stimuli as well as frequencies from 15 to 400 Hz. pacini receptors: Pacini receptors detect rapid vibrations. They look like onions and can not perceive continuous stimuli. They can perceive frequencies from 10 to 500 Hz. skin hair: Also called pilous follicles, their free termination is located at the roots of the hairs. There are sensitive to movement of the hair when it is curving. The frequency of the potential generated is proportional to the speed of that curvature because the hair can detect modifications in its movements.

Independently of the kind of skin (hairless or not), there are five times more of quickly adaptive receptors (tact) than of slow receptors (pressure).

Neural signal

Each of those cells is connected to the brain thanks to A-Beta nerve fibers. Those nerves are highly myelinated fibers which induce quick answers to the cerebral cortex (in comparison with nociceptors, which are unmyelinated fibers). Sensory nerves compose the majority of the nerves present in the different layers of the skin. Those nerves can be divided into four categories according to their speed of conduction: • Merkel and Ruffini corpuscles are specialized in the detection of pressure on the skin.

• Meissner and pilous follicles are specialized in the sense of touch.

• Pacini corpuscles are sensible to vibrations.

Meissner and Pacinian corpuscles fire bursts during the onset and offset of a stimulus but stay quiet the rest of the time. On the other hand, the two other types of corpuscles fire when the stimulus is in contact with their receptive field. The most common type of mechanoreceptors is the one able to detect dynamic changes, which indicates the importance to detect fast changes [START_REF] Roland | Tactile sensibility in the human hand: relative and absolute densities of four types of mechanoreceptive units in glabrous skin[END_REF].

Sensitivity of the skin

It is possible to characterize the sensitivity of the skin according to three parameters: spatial, temporal and intensity resolution.

The two-point threshold method [START_REF] Weinstein | Intensive and extensive aspects of tactile sensitivity as a function of body part, sex and laterality[END_REF] is generally used to determine the minimum skin distance to detect two different stimuli. However, this method is controverted because studies have shown that it is possible to detect two very close stimuli with another approaches [START_REF] Bruns | Tactile acuity charts: A reliable measure of spatial acuity[END_REF][START_REF] James | The two-point threshold: Not a measure of tactile spatial resolution[END_REF][START_REF] Tong | Two-point orientation discrimination versus the traditional two-point test for tactile spatial acuity assessment[END_REF]. This difference in sensibility may be due to a more significant number of mechanoreceptors involved in detecting a multi-frequency signal. The fingertips have the highest spatial resolution (around 0.82 mm) while the shoulder and belly have a resolution of only 30 mm [START_REF] Eb Goldstein | Sensation and Perception[END_REF].

Concerning the temporal resolution, depending on the area, it can go from 1.4 ms to 50 ms [START_REF] James | Temporal order and tactile patterns[END_REF][START_REF] Roberta | Touch." In: Handbook of psychology[END_REF].

Finally, intensity detectability can vary between 1 and 100 millinewtons, depending on the area and the person [START_REF] Rs Johansson | Thresholds of mechanosensitive afferents in the human hand as measured with von Frey hairs[END_REF][START_REF] Jones | Human hand function[END_REF].

In this study, we chose to work on the torso because of its large area and because it does not invalidate the active use of the hand. Studies show that people can have accurate precision on the torso and can determine the correct location of a stimulus with a precision of 1.66 cm [START_REF] Van Erp | Absolute localization of vibrotactile stimuli on the torso[END_REF]. It is also suitable for a daily use because in a first step people will keep their white cane for outdoor mobility tasks while wearing our device. Moreover, from a technical point of view, the back is roughly plane and will help in the implementation of a matrix of tactile actuators. However, compared to the number of rods and cones in the eye, the human skin has a lower number of receptors and the back is one of the less innervated areas. In our study, we make the assumption that if people can succeed in tasks when stimulated at this location, they would be able to perform as well or even better in other areas with higher spatial precision.

touch area in the human cortex

The tactile cortex is organized like the visual cortex with the difference that it does not respect the proportion of the body. However, it respects the density of mechanoreceptors which explain why the region of the finger is as large as the entire forearm. The sensitive homunculus gives a good idea on figure 4.

However, according to brain plasticity, researchers showed that the size of an area depends on how often this area is used. For example, the use for specific tasks of one finger for a monkey will increase the relative receptive cortex area after three months of training [START_REF] Michael M Merzenich | Variability in hand surface representations in areas 3b and 1 in adult owl and squirrel monkeys[END_REF]. The temporal resolution between stimuli is also critical to organize the somatotopic maps. Studies show that the simultaneous stimulation of two remotely apart area created a new spatial relationship in the cortex [START_REF] Michael | Reorganization of cortical representations of the hand following alterations of skin inputs induced by nerve injury, skin island transfers, and experience[END_REF]. This effect is also shown in the cutaneous rabbit illusion which is going to be detailed later. It is this adaptability of the somatosensory cortex which allows keeping good tactile robustness over time, according to changes in skin properties. For sensory substitution, it could let us think that using an underused skin area during enough time will allow increasing its sensitivity thanks to neuron recruitment. In our case, it may increase back sensitivity. 

Vibrotactile perception

The use of vibrotactile perception has been already done to help unsighted people [START_REF] H Christiaan Stronks | The feasibility of coin motors for use in a vibrotactile display for the blind[END_REF]. Vibrotactile stimulation has been widely used to convey rapidly changing patterns on the skin. Cholewiak carried out studies to determine the spatiotemporal resolution of vibrotactile stimulations across the body. He showed that vibrotactile discriminability is better around an anatomical point of references, such as joints of the body [START_REF] Roger | Vibrotactile localization on the arm: Effects of place, space, and age[END_REF]. He has shown that electromechanical and pneumatic actuators produced similar sensation on the abdomen. Localization accuracy was different according to the stimulated region on the abdomen. The localization of the stimulus was better near the spine and the navel (near 100% of good answers and 70% on the side). This performance may be explained by the representation in both regions of the brain. The motors were stimulated for a duration of 200 ms at 250 Hz. The distance between motors was related to the waist measurement, with one motor located at every 12 positions around the abdomen [START_REF] Roger W Cholewiak | Vibrotactile localization on the abdomen: Effects of place and space[END_REF].

A vibrotactile stimulus has the particularity to stimulate different kinds of mechanoreceptors in an area depending on its frequency and its intensity. The wave propagation of the signal induces this difference.

There are many different ways to encode information through vibrotactile stimulation:

• The burst duration • The pulse repetition rate • The number of pulses

Tactile illusion

The study of mechanoreceptors allowed to determine the density of repartition of each receptor across the skin. Old studies used the prin-ciple of two points discriminations to evaluate the spatial sensibility of the skin. Recent studies have shown that the body is more sensible to dynamical than static stimuli [START_REF] Tong | Two-point orientation discrimination versus the traditional two-point test for tactile spatial acuity assessment[END_REF]. This difference can be due to a large number of mechanoreceptors involved in the process, which allows a better detectability. However, among that, the process of sensor detectability has several processes, which are called tactile illusion, allowing to generate fake sensations.

the cutaneous rabbit illusion effect

Also known as the cutaneous saltation, this tactile illusion allows generating the sensation of a continuous movement across the skin by tapping to a different area in rapid succession. This phenomenon has also been reported in audition and vision. The impact of vibration on the saltatory effect has been studied by Raisamo [START_REF] Raisamo | Evaluating the effect of temporal parameters for vibrotactile saltatory patterns[END_REF].

the tau effect

The Tau effect is a phenomenon linked with saltation. Indeed, we know that close stimuli can generate the sensation of a continuous movement across the skin. However, the distance perceived in this movement is the inverse of the time between the two successive stimuli. This phenomenon is explained by Goldreich [START_REF] Goldreich | A Bayesian perceptual model replicates the cutaneous rabbit and other tactile spatiotemporal illusions[END_REF] and show that it is related to the fact that a tactile stimulus usually occurs slowly. This fact coupled with the poor resolution of the skin induces a perceptual underestimation of the distance between two rapidly consecutive stimuli.

kappa effect

This effect is the opposite of the Tau effect, in the way that for the same temporal stimulus, we tend to overestimate the time between two stimuli if the distance between the two stimuli is sufficiently large. The opposite effect happens when the two stimuli are sufficiently close.

skin funneling effect

Funneling consists in stimulating the skin at two distinct locations. Stimuli need to have a different amplitude. The sensation will be a sensation somewhere in between.

Tactile sensor

Many application requires to mimic the human afferent sense of touch in order to recreate the sense of touch for an amputee, or merely to compare biological and electronic results, to have richer information about surface feeling or to learn better about the human signal processing of touch by simulation. More information on the subject can be found in the Parks' review [START_REF] Park | Recent Advances in Tactile Sensing Technology[END_REF] and particularly about neuromorphic sensing in Wang's thesis [START_REF] Wang | A neuromrphic approach to tactile perception[END_REF].

Temporal features of the skin

Studies show that visual processes rely on a multitude of spatial and temporal resolution [START_REF] Holcombe | Seeing slow and seeing fast: two limits on perception[END_REF]. Even if this difference of speed and spatial processing are still not understood, we supposed that each layer of the visual process might work at different rates and the combination of different visual information may generate a vast scale of time responses. However, we also know that training may also improve the timing of some of the visual processing, giving the idea that childhood learning may also play a role in the visual brain processing organization. In this thesis, our primary focus is to use a neuromorphic silicon retina, which mimics the eye to process visual information. It allows obtaining asynchronous visual information at the timescale of one millisecond. We know that the brain processes information at this temporal resolution [START_REF] Benjamin Benosman | High Temporal Sub-millisecond Time Resolution Stimulation Increases Performances of Retina Prosthetic Vision[END_REF][START_REF] Zeki | A massively asynchronous, parallel brain[END_REF]. Then, a legitimate question would be to wonder if the skin can perform and detect variations at such timings.

The study of Tong [START_REF] Tong | Two-point orientation discrimination versus the traditional two-point test for tactile spatial acuity assessment[END_REF] tries to show how two-point tactile discrimination can be influenced by temporal features. They study how the time between stimuli or repetition can modify spatial discrimination. It shows that stimuli need to be separated by at least 120 ms to be discriminated from a single stimulus located in between (without training). Comparatively, generating a large number of impulses (more than 11) helps the discrimination, with an inter-stimulus interval of 20 ms. Stimuli were separated by 4 cm on an area of 18 mm 2 on the thenar eminence of the right hand [START_REF] Boldt | Two-point tactile discrimination ability is influenced by temporal features of stimulation[END_REF]. Other experiments have been conducted to study the impact of velocity on perceived distances. For instance, [START_REF] Nguyen | Velocity of motion across the skin influences perception of tactile location[END_REF] shows, as it was previously shown, that speed will lead to the perception of virtually shorter distances, but velocity changes can lead to specific and counter-intuitive sensations. This is explained by the skin interpolation mechanisms, allowing us to know a bit more about how the brain process tactile information. A Kirman's study [START_REF] Jacob H Kirman | Tactile apparent movement: The effects of interstimulus onset interval and stimulus duration[END_REF] shows the impact of the duration between the end and the beginning of the next stimulus and the duration of those stimuli. Results were similar to what happens with visual stimuli. It shows that, independently of the duration of the stimulus, the time between two successive stimuli needs to be higher than 50 ms, and this value could change depending on the stimulus duration.

Few studies have tried to evaluate displacement on the skin at the temporal resolution of 1 ms. This is well explained by Eid [START_REF] Eid | Soa thresholds for the perception of discrete/continuous tactile stimulation[END_REF] where detecting a stimulus required a certain amount of time. Thus, according to their results, no information could let think that people may sense displacement at this temporal resolution, even more on the back. However, a Mackevicius's study [START_REF] Mackevicius | Millisecond precision spike timing shapes tactile perception[END_REF], contrary to all the previous studies, showed that it is precisely the millisecond paradigms which allow people to have a precise shape tactile perception. This new temporal paradigm about relative timing has been avoided for a long time because of the Von Neumann architecture. This architecture limits information bandwidth and loses the relative precise time. Previous sensory substitution devices forget this fact, leading to incomplete results. Moreover, to our knowledge, no study has performed this kind of experiment on long-term stimulations through learning and sessions. We make the assumption that with training and through a long period of use, people will be able to feel differences in stimuli delivered at the millisecond scale. Next section is going to present the importance of a neuromorphic approach and the advantages of such stimuli in visual processing.

neuromorphic architecture for tactile sensory substitution devices 2.3 neuromorphic processing

Neuromorphic engineering

Neuromorphic engineering is a new field which finds its roots in the idea that bioinspired neural systems can outperform existing nonbrain-like systems. A number of articles [START_REF] Von | The computer and the brain[END_REF][START_REF]Why Is the Human Brain So Efficient?[END_REF] explain why the brain is more efficient for several cognitive tasks than conventional computer. The main idea behind the field is to replicate brain functionality in silicon and associated computation. Table 1 shows a comparison between the performances of artificial and biological systems. Several scientists such as John Hopfield, Max Delbrück, Richard Feynman, and Carver Mead, have participated in setting the basis of this field which has become lately a hot topic in several applications such as sensing, computation, and machine learning [START_REF] Richard P Feynman | Feynman lectures on computation[END_REF][START_REF] Mead | Neuromorphic electronic systems[END_REF].

This type of new approach can help in different domains :

• inspiration from the biological neural model to solve complicated computational problems with non-von-Neumann architectures.

• reducing the power consumption of sensing devices and computation for mobile applications.

• understanding how the brain operates and provide an alternative route to increase knowledge.

• recreating biological signals to interact with the biological world.

The highest achievements have lead to several types of systems:

• Neuromorphic sensors: Tactile sensor [START_REF] Caviglia | Asynchronous, event-driven readout of POSFET devices for tactile sensing[END_REF], olfactory system [START_REF] Jacob Koickal | Analog VLSI circuit implementation of an adaptive neuromorphic olfaction chip[END_REF], artificial retina [START_REF] Culurciello | A biomorphic digital image sensor[END_REF][START_REF] Posch | An asynchronous time-based image sensor[END_REF] and cochleae [START_REF] Richard | An analog electronic cochlea[END_REF] are many example of how scientists can mimic human organs to create low power sensors with no information redundancy.

• Neuromorphic processing systems: these systems are electronic devices or algorithms trying to mimic the biological brain. Review of neuromorphic computing systems can be found in [START_REF] Furber | Large-scale neuromorphic computing systems[END_REF].

• Neuromorphic actuators: This class of neuromorphic devices tries to use neuromorphic signals in order to interact with the world. Examples of application can be found in these articles [START_REF] Boi | A bidirectional brain-machine interface featuring a neuromorphic hardware decoder[END_REF][START_REF] Lescal | Neural visual objects enhancement for sensorial substitution from vision to audition[END_REF][START_REF] Sorgini | Neuromorphic Vibrotactile Stimulation of Fingertips for Encoding Object Stiffness in Telepresence Sensory Substitution and Augmentation Applications[END_REF][START_REF] Vassanelli | Trends and Challenges in neuroengineering: toward "intelligent" neuroprostheses through brain-"brain inspired systems" communication[END_REF]. OptoTouch, the device presented in this document, is part of this stream of research. Neuromorphic silicon retinas are cameras which reproduce partially some functionality of a biological retina. The biological retina is made of multiple massively parallel light-sensitive receptors (rods and cones). They capture light independently and asynchronously; the silicon retina implements this mechanism at the level of each pixel. In silicon retinas information is not encoded as a sequence of static frames but as a scene dependent continuous stream of asynchronously high temporal resolution events. An event is information produced by a single unit of the device, here a pixel, when a variation in its range of sensibility is occurring. For the ATIS (Asynchronous Time-based Image Sensor) [START_REF] Posch | How Neuromorphic Image Sensors Steal Tricks From the Human Eye[END_REF] (see Fig. 5), it provides some functionality similar to biological retinas while being 1000 times faster. This sensor mimics the functionality of the eye and brain from a biological perspective. A level-crossing detector and an exposure-measurement circuit compose each pixel. In each pixel, the circuit detects if the amplitude change in the signal reaches a certain threshold as seen in figure 6. Data sampling can then be optimized depending on the quantity of information produced from the changes of light intensity it receives. When the amplitude of that signal reaches a previously established threshold above or below the last-recorded signal level, the new level is recorded. The more a pixel detects a change in lighting, the more the information is sampled. If nothing changes, the pixel does not acquire data and goes idle. The same functionality happens with the associated electronic circuitry. Indeed, the associated electronic circuitry outputs a new measurement as soon as a change is detected, and keeps track of the position in the sensor array of the pixel experiencing that change. Address Event Representation(AER) protocol encodes the happening of events. This manner of coding information tries to mimic the spike trains traveling along an optic nerve and conserve the relative time [START_REF] Chekhchoukh | Effect of saccades in tongue electrotactile stimulation for vision substitution applications[END_REF][START_REF] Mahowald | VLSI analogs of neuronal visual processing: a synthesis of form and function[END_REF][START_REF] Rucci | Miniature eye movements enhance fine spatial detail[END_REF].

The neuromorphic silicon retina

The importance of a precise relative time in visual processing

As shown in many studies, the temporal precision [START_REF] Buracas | Efficient discrimination of temporal patterns by motion-sensitive neurons in primate visual cortex[END_REF][START_REF] Gerstner | A neuronal learning rule for sub-millisecond temporal coding[END_REF][START_REF] Mackevicius | Millisecond precision spike timing shapes tactile perception[END_REF][START_REF] Rucci | Miniature eye movements enhance fine spatial detail[END_REF] and the massively asynchronous organization of the brain [START_REF] Zeki | A massively asynchronous, parallel brain[END_REF] are used by our neural system to process information from our different sensors. This mechanism allows us to have a highly optimized body with low power consumption and low bandwidth to process information. As shown in figure 7, information is encoded in our neural system thanks to a precise relative time. If a piece of information is recorded by two distinct organic sensors or neurons, the temporal precision of one relatively to the other is preserved with a millisecond precision. In other words, no matter how long it takes to capture and to bring the information from sensors to the brain, biological evidence show that the relative time between different sensors has to be preserved and transmitted. The importance of a precise relative time is essential in visual processing. It explains the recent interest of this factor in the area of visual computation. A recent study [START_REF] Akolkar | What can neuromorphic event-driven precise timing add to spikebased pattern recognition?[END_REF] introduces a mathematical study of the importance of high temporal resolution on computation. The paper shows that for our world as we know it, most of the visual information necessitate a temporal accuracy in the range of 2-5ms.

The main hypothesis at the core of this work is that matching the native temporal resolution of the sense to be tapped in is the essential constraint any prosthetic system system must comply with.

A loss of temporal information specially when dealing with dynamic scenes leads to a poor signaling of information that is simply inadequate for the human brain to decode and interpret information As shown in part 2.1, the temporal activity of a scene has never been taken into account in sensory substitution device. Ultimately, proposing a neuromorphic sensory substitution device will convey richer information but will intrinsically propose a reduction in computation time and energy consumption. This new generation of devices opens the way for new research in sensory substitution device because it will allow an in-depth study of the relation between space, time and vibration, allowing the fusion of two fields of research that until now have remained largely separate.

conclusion

His chapter presented the panorama of existing systems. Although many sensory substitution systems have been designed. Most of them rely on the hypothesis that the type of information sent to a haptic interface has to be simplified or preprocessed to convey simple stimuli. The bias being that raw visual information cannot be passed directly into the haptic system. We believe that the reasons for this poor performance of existing systems and the choice of simplifier signaling are due to the non-compliance of the haptic stimulation with the true physiological properties of the biological haptic system. As shown in this chapter the skin contains several neural types, each specialized in a specific feature extraction the same way ganglion cells are specialized in a specific visual feature. Information is massively parallel, asynchronous, event-driven for both senses. The skin differs from the retina as several portions of the body operate on different time scales. This appears to be linked to the size of the receptive fields and the scope of each body part. Essential body parts must have a fast feedback, while other can operate at lower timescales thus requiring less power. We believe that the original idea of Bach-y-Rita work to directly stimulate the haptic system with "unprocessed" visual information is truly the way to go. It appears obvious from the presented state of the art, that Bach-y-Rita could not succeed in demonstrating his ideas because of the technological limitations of his time. If we are to tap into a sense we believe and hope to demonstrate in this work that any developed system must acquire and send visual information at the same temporal scales of the haptic system it targets. Since the pioneering work of Bach-y-Rita, no study has attempted to tackle this problem. Our laboratory has developed several retina prosthetics systems. All these systems had the particularity of relying on high temporal acquisition and stimulation. This choice complies with several retina studies that biological retinas operate at 1ms. Several papers have shown the presence of this temporal precision in the retina but also in visual cortex.

In this work, we choose to explore the possibility of revisiting Bachy-Rita findings by extending the past experience of the laboratory in developing retina prosthetics. We chose to use the same chain of processing relying on a silicon retina to provide the high temporal precision needed for the haptic stimulation. It is interesting to notice that the use of a neuromorphic processing has never been carried out in the field of sensory substitution. Moreover, this device has the advantage of being inexpensive to produce, without depending on a particular pathology. By high temporal resolution, we are referring to relative temporal precision, that is to say, the maximum time difference between two stimulations. We believe that this parameter has long been omitted from the study of sensory substitution.

The hypothesis and choices motivating our work are:

1. The use of a neuromorphic camera preserves the temporal properties of observed scenes. Complying and conveying this temporal precision should lead to an improvement of the performances of the device and a reduction of the cognitive load of the subjects. The stimulation must match the native temporal resolution of the targeted portion of the body skin.

2. We will validate our developed system using the same experimental framework as retina prosthetics. This will allow us to compare the efficiency of the device with existing systems.

The next chapter will introduce the OptoTouch device; it will focus on the different steps of development of the neuromorphic tactile belt and its interface with the artificial silicon retina for sensory substitution purposes.

Part III P R E S E N TAT I O N O F T H E D E V I C E ' S E V O L U T I O N . N E U R O M O R P H I C TA C T I L E S E N S O R Y S U B S T I T U T I O N B E LT

functional specification of the device

This project aims to develop an entirely new sensory substitution device based on the event-based technology. This new kind of "neural prosthesis", while being low cost and non-invasive, allows for the first time to match and go beyond current performances of existing implantable visual prostheses. Unlike existing devices, OptoTouch combines two asynchronous event-driven high temporal resolution devices (a silicon retina and a tactile stimulation array). It is the only device that matches the temporal resolution of both the retina and the skin while being able to operate in real time at a low computational cost. Matching the temporal resolution of the sense that needs to be replaced is essential for adequately conveying dynamic information such as movement. This section will describe the different steps needed to develop the new neuromorphic tactile belt. Three stages led to the creation of such a device:

• The development of a neuromorphic belt, able to conform and reach the mechanoreceptors of the skin.

• The development of a device able to receive a flow of data and to propagate it towards a matrix of neuromorphic actuators.

• The creation of a program able to process the dataflow from a camera and extract the visual information to convey data of interest.

The device needs to have a good spatial resolution but also to avoid disturbance in daily tasks. In this project, it was decided to stimulate the entire trunk (back and abdomen) to convey information because of its large area. Even if the resolution of mechanoreceptors is weak in this area (2 cm), it seems to be sufficient to process visual information. Modularity of such a device allows switching to other skin areas if necessary.

To create the device, advice from [START_REF] Dakopoulos | Wearable obstacle avoidance electronic travel aids for blind: a survey[END_REF][START_REF] Maidenbaum | Sensory substitution: closing the gap between basic research and widespread practical visual rehabilitation[END_REF] were followed. The following issues are factors which have been taken into consideration during the conception of the neuromorphic device:

• The device needs to be easy to use and comfortable for the user.

• Avoid sensory overload by sending filtered information. Filtering needs to be carried out only to convey relevant information. • Because of the difference of bandwidth between the skin and the eye [START_REF] Apkarian | A comparison of tactile and blurred visual form perception[END_REF][START_REF] Marc | Humans integrate visual and haptic information in a statistically optimal fashion[END_REF], the sensory substitution device has to be taskfocused.

(V2) (V4) (V3)
• The device must allow the hands of the user to be free.

• The training process and inter-individual differences must be taken into account.

• The spatiotemporal continuity of the environment and senses must be considered.

the neuromorphic belt

The development of the neuromorphic belt went through different steps as shown in figure 8.

This section shows the different versions of the device and presents the pros and cons of each version. For every version, we have used the GoTronic VM1201 coin motors because of their low weight and small size (enough to stimulate the mechanoreceptors in the back). They function at low voltages which is in compliance with the electrical regulations concerning medical devices.

The coin motors

The kind of actuator we are using are coin motors. It is a widely used solution and has been proved to be usable for medical purposes [START_REF] H Christiaan Stronks | The feasibility of coin motors for use in a vibrotactile display for the blind[END_REF]. Indeed, they are: "energy-efficient, affordable, lightweight, easy to implement, and they lack any exposed moving parts". The idea of our device was to propose a low-cost system, easy and quick to make, explaining the choice of this technology.

As shown in part 2.2.3.1, there are several ways to encode the information with vibromotors. To create a device able to activate asynchronously each motor at a kilohertz resolution, it is necessary to know better the intensity and temporal behavior of such components. In the first place, we looked at how the information could be encoded and then ran tests to evaluate the performances of these components. There are several parameters that someone can detect relatively to the activation of several actuators. Let's consider figure 9 with the case of three motors. The motors are separated by the spatiotemporal resolution of the skin, so in theory, people can detect the activation of two close motors. To respect the neuromorphic approach at one millisecond scale, it is necessary to be able to control each motor at the frequency of one kilohertz. In other words, in one millisecond, it requires to be able to switch on and off all the motors in the matrix. Depending on the motor and on the area of sensibility, a motor needs to stay active a certain duration to be detected (in order to reach an intensity and a frequency detectable by the human skin). Similarly, the activation of the same motor has to elapse a certain amount of time so as to feel the difference. It is called, in neuromorphic engineering, the refractory period, because it mimics the recovery time neurons need between stimuli. To have a better comprehension of the capability of such motors, the next section will focus on the sensations induced by this kind of motors.

The way to encode information

Tests to evaluate performances of motors on the skin

One simple task was realized to evaluate the performances of these coin motors, we made variations of SOA and BD with one single motor, to see if we were able to feel the vibration and its relative intensity. In the same time, the relative frequency of vibration was measured with an accelerometer attached to the motor.

Testing the functionalities of coin motors was done with one subject (male, age 24). He was asked to mark between 0 and 10 the intensity of the vibration for each condition (0 meaning no sensation). He was also asked to report if the vibration was creating any sensation of discomfort. The motor was worn on different locations and was maintained against the skin thanks to an adhesive bandage. It leads to the table 2. Motors were activated for a delay of T-ON microseconds. T-OFF is the subtraction of T-Total by T-ON. T-Total was chosen as 1 millisecond. This test allows modifying the duty cycle of our motor. According to the datasheet, the motor is supposed to have a speed of 11000 turn by minutes under 5 Vcc and with 100 mA. Then, the vibromotor needs 5.4 ms to make a turn and has a frequency of 183 Hz during his steady state.

This data shows that modification of the duty cycle changes intensity felling and long activation could generates discomfort. The perceived sensation is also linked to the stimulus location. Because the continuous stimulation of the vibromotors could create a sensation of heat and because we want to play on the delay of activation of the motors to try to reduce the power consumption of our device, we have decided to evaluate the amount of time required to fell sensation for one pulse of a motor. Due to its weak displacement, it was not possible to measure the acceleration of the vibromotor in this case. However it was reported that the subject was able to detect tactile sensations for pulses of 1 millisecond between two fingers with pressure, pulses of 13 milliseconds in the back and pulses of 21 milliseconds on the calf. Then BD had to be higher than 13 milliseconds in order to detect a sensation in the back. Finally, it was measured with accelerometer that the vibromotor needs 10 ms to reach its continuous frequency of oscillation (183Hz) . According to figure 10, the position of the motor plays a purpose in its final frequency of oscillation. Then, depending on its localization, one person will not feel the same intensity for the same parameters. This is problematic to have a robust and repeatable stimulus. Moreover, the sensation will also vary depending on idiosyncrasy. It was then decided to keep an unknown parameter relatively to the actual sensation of the vibromotors. We decided to fix the BD parameter in order to be sure that the subject feels the stimulus (assuming the vibromotor is in contact with the skin) at 75 ms.

First device

The first device designed at the "Institut de la Vision" laboratory is a sports tee-shirt where coin vibromotors were glued and arranged in a matrix with a spacing of 1 cm. An Arduino can independently control each vibromotor. The device has the advantage to press the vibromotors directly against the skin, but this advantage was also issued because each time someone would try to wear the device, electronics and vibromotors were involuntarily pulled out due to frictions. This side effect introduced a lack of robustness in the device to deal with frequent use and intensive experimental tests. It was also impossible with the Arduino to reach a temporal resolution of 1 kHz at the chosen spatial resolution. Wires were also problematic and inconvenient, especially when in contact with the skin.

Second device

The first prototype had the advantage to offer a quick solution to test the main concepts around the neuromorphic solution. To overcome these limitations and reach a stimulation at a high temporal resolution of around 1 kHz, a new device had to be designed with the constraints of having wires directly incorporated into the textile or at least protected to avoid mechanical wear out.

Fig. 11 shows the architecture of the prototype of Optotouch. This architecture allows incoming events to be routed to a specific vibromotor to trigger a low latency tactile stimulation response while keeping the relative timing between incoming stimulations intact. The array of vibromotors receives events from the camera or from a pre-recorded stimuli. In between is a processor which generates from these incoming events the stimulation to be applied. It also controls the array of vibromotors using a field programmable gate array (FPGA). The FPGA decodes the information and activates the associated vibromotors with a configurable duration. The FPGA is programmed to activate the vibromotors at a millisecond temporal precision, using a USB link. This device operates at an equivalent frame rate between 1KHz and 1MHz. The vibromotor's coordinates are 8 bits encoded. A stabilized power supply delivers 13 V and a current up to 2A to power the device. Each vibromotor lays on a flocking material. Square holes are made through the elastic cloth to connect vibromotors to the conductive wires, powering and controlling each vibromotor individually.

Tactile Stimulation

The tactile stimulation relies on a 5x15 array of vibromotors, each being independently controlled. The 75 vibromotors are laid on an elastic textile (figure 11). Each wire is welded to its respective vibromotor and isolated with gloss. Vibromotors are separated by 20 mm, center to center, close to the mechanoreceptors spatial resolution on the back (17 mm on the lower back [START_REF] Eskildsen | Simultaneous and successive cutaneous two-point thresholds for vibration[END_REF]). Copper wires are connected to transistors with header connectors. A field programmable gate array controls each vibromotor with a dedicated output through a transistor.

The connection between the FPGA and the computer is made through a UART/USB module allowing a throughput up to 28 bytes per millisecond. The detection of a vibrotactile movement depends on two temporal parameters: the Burst Duration (BD) which is the time one vibromotor stays active and the delay between two successive vibromotors stimuli called Stimulus Onset Asynchrony (SOA). Increasing BD allows better detectability of the stimulus and improves pattern detection [START_REF] Summers | Information from timevarying vibrotactile stimuli[END_REF] as the felt intensity is directly related to the BD of the vibromotor [START_REF] H Christiaan Stronks | The feasibility of coin motors for use in a vibrotactile display for the blind[END_REF]. A shorter SOA produces faster movement stimulus. Details about component are present on table 7 in appendix.

Third device

The second device allowed to test asynchronous tactile sensations on the skin and to evaluate movement discrimination on the back, as presented in section 4. In this system, the wires were placed between two protective layers. However, the resolution of the device (5x15) was low, and some pre-tests showed the difficulty of reaching valuable results on complex real-world applications.

We then had the idea of using a textile where the wires would directly be part of the textile from fabrication. A collaboration with Filix1 has been set to use such innovation. This textile consists of elastic wires embedded in the weaving around which two tiny conductive wires are wrapped.

Vibromotors were mounted on each wire. The process relies on heating the wire at a temperature superior to 350 • C, at this temperature the lacquer melts and the wire can be soldered to the vibromotors. A tiny point of glue is dropped on each welding point to ensure mechanical retention. During the last stage, the vibromotors are glued to the textile and laid out with a spacing of 2 cm. The vibromotors are positioned to be in direct contact with the skin. However, when the device was put in contact with the skin, due to mechanical deformations of the skin and the elasticity of the system, it was not possible to ensure the integrity of the whole system which leads to a large number of disconnections of the vibromotors from the thin wires. We tried laying a thin layer of silicon to cover the entire textile to improve the resistance of the system. This solution allowed to make the system more resilient to deformations and improved the quality of the contacts at the cost of losing elasticity and thus preventing good contact between the skin and the vibromotors. This led to induce coarse sensations across the body and poor stimulation performances. Although this textile has the advantage of including wires and thus reduce the complexity of the overall wiring, the fragility remained problematic. Several experiments must be carried out to:

• Improve the robustness of the device while allowing good skinvibromotor contact.

• Allow a robust way to create a stimulation node without the necessity of an operator to manually connect the wires.

• Insert flexible electronic or at least electronic circuits to reduce the number of wires and thus the size of the whole system.

A fourth and final device was then designed to address all of these issues.

Fourth device

The tactile part, the neuromorphic camera, and the processing unit are the three crucial modules of the device. Each part was designed independently of the others.

Neuromorphic Asynchronous Event-Based Silicon Retina

The device is using the ATIS, as presented in section 2.3.2 and shown on figure 5. The whole system is maintained using a headband. The laboratory has developed several stimulation goggles, but for this preliminary version of the device, we made the choice of not following that path and put all our effort in designing a robust and operational stimulator. A more detailed description and specifications of the camera can be found here [140].

The Tactile Belt

The sensory substitution device is designed to be modular allowing each component to evolve separately. The device has also been designed to accommodate several sizes allowing the stimulation belt to adapt to a wide range of users. The device includes a ventral belt where are located vertically flexible electrical circuits. These vertical stripes are composed of sixteen vibromotors, glued to a satin textile. The textile, vibromotors and the electrical circuit are all covered by a thin layer of silicon to ensure the optimal integrity of the whole system. The stripes are located on the internal side of the device. On the external side of the device, connectors (ribbon cable) link the stripes to the control device. This latter is located in a pocket stitched on the external side of the belt. This pocket includes an electrical circuit to command the vibromotors, a micro-computer able to collect informa-tion from the camera and to send information to the control circuit, a Wi-Fi router to remotely control the device, a battery to power it and a battery indicator. Moreover, the subject wears a neuromorphic camera which is attached to his head thanks to a headband. The camera is connected to the micro-computer thanks to a USB link. The whole device is worn above clothes for hygienic reasons. In the next part, the different parts of the device (flexible electronic circuits, belt, systems in the back pocket, camera) are described. A presentation of the global device is presented in figure 12.

Flexible circuit board

Vibromotors are laid on a satin textile. The flexible circuit board was designed to better fit the subjects. Stripes are juxtaposed, allowing a better fit on the skin. They have a length of 305mm and a width of 20mm. Vibromotors are equally spaced by 20 mm, which corresponds to the average spatial skin resolution. The logical part of the board is powered with 3.3 V regulator. The power supply of the board is directly linked to the battery, allowing to maintain a voltage between 3.3 V and 4.2 V. The vibromotors used are the same from version 2. The consumption of each vibromotor is between 60 and 80 mA in the operating range of our system. A thin layer of silicon is dropped to assure better mechanical support of vibromotors. The silicon layer is less than 10 mm of thickness. Each band is attached to the belt thanks to Velcro.

Belt composition

The belt includes on its interior part a series of flexible electronic boards, vertically positioned. It is possible to stack up to 32 of these bands (the number is limited to 30 in this study) to adapt to the morphology of users. On the external part, the belt includes a large pocket where is located the whole logical part and the power supply. From that pocket emerges the ribbon cable that connects to the flexible circuits. The belt has a length of 700 mm and a height of 300mm. systems located inside the dorsal pocket:

The external pocket includes 5 components:

Vibromotors controller: The vibromotors are controlled with an electronic card including an FPGA and a voltage regulator for the power supply. The size of the board is 58x60mm. It is powered between 3.3 and 5 V.

Microcomputer: The computer used in this application is a Jetson TX1. The size of the board is 87 mm x 50 mm. The microcomputer and the vibromotor controller are connected with a USB link. The Jetson is powered in 9 V. This tension is reached using a boost converter.

Power source : Three batteries are used to power the set-up.

WiFi-Module: A WiFi-module is integrated to control the device remotely.

Battery monitoring module: A battery monitoring module has been implanted. It produces a sound when the battery reaches its threshold voltage, that is when it is about to be depleted.

Details of the component used in this version of the device are in annexe A in table 8.

visual to tactile extractor program or visual field:

The lens has a focal length of 16 mm and is attached to the ATIS camera. To calculate the field of view of the camera, let's consider the formula of the numerical aperture:

NA = f/D = n * sin(θ) (1) 
With f the focal in millimeters, NA is the numerical aperture, n is the index of refraction of the medium in which the lens is placed (1.00 for air, 1.33 for pure water, and typically 1.52 for immersion oil), D the diameter of the entrance pupil in millimeters and θ is the maximal half-angle of the cone of light that can enter or exit the lens. Given the data provided by the lens manufacturer, f = 16 mm, NA = 1.4 and n = 1.51. n is different from 1 (air) because it corresponds to the index of refraction in the glass. It leads to a θ of 68 • , which corresponds to the angular aperture of the camera. This angle of vision is represented in figure 13. data processing:

The ATIS camera has a sensor composed of 304 by 240 pixels. Due to the resolution of the matrix of vibromotors (30 by 16), events need to be processed and downsampled to fit the final spatial resolution.

The details of the flow processing can be seen on Figure 14. The connections between the different components of the system are presented in figure 15.

In a first step, the program selects a central area of 120 by 80 pixels of the sensor to reduce the quantity of information to process. In a second stage, three activity noise filters are used, dropping events if they are not spatially consistent in a time area between 10 and 1 ms. The last step uses a downsampler algorithm to gather information from a group of pixels into one output. This allows each vibromotor to convey information of a patch of 14 mm by 17 mm laying on a vertical plane at a distance of 1 meter from the camera.

The global field of view corresponding to a field of view of 23 • in the horizontal plane is shown in figure 13. Thus, each vibromotor has a field of view of 0.8 • ).

According to the French convention on visual acuity, the standard of vision corresponds to the ability to discern two points separated by a minute of arc, which corresponds to two points separated by 0.3 mm at a distance of one meter. The visual acuity AV can be represented by the formula:

AV = 1/a (2) 
with

a = 180 * 60/π * arctan(d /D) (3) 
With D the observation distance and d' the minimum distance of perceptible points, both expressed in millimeters. AER encoder P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P This equation gives for this device a visual acuity of 0.2/10, which is under the level of blindness. However, this resolution is enough to perform several valuable tasks and validate the whole concept specifically for dynamic tasks. Obtaining a higher resolution is not a barrier and will be considered for future developments.

power consumption:

The evaluation of the device's power consumption is important to ensure autonomy and clinical trials requirements. It is done by measuring the consumption of the two stabilized power supplies in the device. For the portion with vibromotors, the supply voltage is 4.2 V. For the microcomputer, it is 12.6 V. The electric current being limited at 3A by the regulators, to test the device with the camera on the batteries of the clinical trials are used. Each measurement is carried out using an oscilloscope ISO-Tech IDS-220. Data are displayed in table 3. Because the consumption of the device is dependent on the activity of the scene, it is difficult to have a precise measurement of the power consumption. In the "Institut de la Vision" laboratory, scientists consider that regular activity (someone moving with a camera in a street environment) is generating 10% less activity than a large visual activity (someone shaking the camera). The camera has been shaken to measure consumption for intense activities. It is reasonable to believe that the device will last about ten times longer. Thus, the vibromotors portion of the device is able in principle to operate for 31,2 hours in normal conditions. This is more than sufficient for daily use and will also enable to increase the spatial resolution of the device. The only excessive consumption is due to the Jetson microcomputer that limits the whole system to operate only for 6 hours. However, for future versions of the device, we will rely on more optimized and customized hardware, as the Jetson was only chosen to allow more flexibility during the development stages.

conclusion

The first endeavor was to design and build a robust wearable device that can match a wide range of body sizes while being robust. The scope is to be able to target a clinical trial and ensure that the whole device will operate without failures while being portable. The characterization of vibromotors allowed us to observe a great variability in their behavior. We noticed that they react differently depending on the quality of the contact. In addition, the inertia of the engine is about ten milliseconds, causing a delay of the same order of magnitude. However, as explained in the previous chapter, it is relative time that we seek to preserve. Since we use the same engines throughout this system, the "delay" associated with inertia remains the same. For our study, we make the assumption that vibromotors are correctly contacting the skin that the difference of operation related to the quality of the contact is locally minimal. We report that the everything is operating with a relative time of the order of the millisecond.

The final version of our device allows us to have a matrix of 480 motors (30 vertically and 16 horizontally), this resolution is similar to what has been developed by Bach-y-Rita. The information from the camera has been processed in such a way that the temporal accuracy expected by the skin is maintained while reducing the spatial data produced by the camera (320 by 240 pixels). In order to meet all the tasks expected in our clinical trials, the visual field projected on the back of the subjects is about 20 °. This opening corresponds to the actual angle of the human eye to read characters. With respect to the power consumption of the system, its purely neuromorphic architecture reduces the bandwidth of the processed information and only activates the motors when there is a modification of the information perceived by the camera. Thus, for natural visual scenes, our device is able to operate for a period of 8 hours. The most power-consuming element of the device is the processing unit. This is an expected result but is already acceptable. For future version, we will target a hardwired component such as a small FPGA to lower the power consumption. Finally, this system has been designed to be modular. The routing of events complies with neuromorphic event-based architectures. The system can naturally scale to higher spatial resolution without additional efforts while maintaining the temporal accuracy. The choices regarding spatial resolution were constrained by the study deadlines. We chose to target the back spatial and temporal resolutions. Future versions of the device can without any modification of the approach, adapt to different spatial resolution using different effectors.

All of this research and design work led to the filing of a patent: FR 3,060,297 -A1: Sensory substitution system using asynchronous tactile stimulation.

All of this work and optimization will in the near future to design a low-cost version to provide a device accessible by all. In the following sections, we will present the different studies that have been carried out with this device in order to highlight the importance of the temporal precision in the realization of visual tasks.

Part IV E X P E R I M E N T S P R E L I M I N A R Y T E S T S T O E X P L O R E S P E E D A N D D I R E C T I O N D I S C R I M I N AT I O N

The OptoTouch device has the purpose to convey visual information from a neuromorphic camera to a neuromorphic tactile device. The first step was to evaluate the spatiotemporal resolution thanks to a simple task. It was decided to study speed and direction discrimination for two reasons. First, it is an easy test, well documented in the literature. It allows comparing our device to previous studies. Secondly, even if literature has not reported temporal resolution stimuli at the millisecond, one of our main interests is to know if, as for vision [START_REF] Kime | Psychophysical assessment of perceptual performance with varying display frame rates[END_REF], kilohertz stimuli could be subliminally perceived and improve results. More complex pre-tests have been previously realized but the number of parameters and the reported feelings were too complicated so it was decided to study an unitary task. Indeed, in the brain, there has been evidence of a highly precise neural coding in different sensory structures [START_REF] Berry | The structure and precision of retinal spike trains[END_REF][START_REF] Blanche | Predicting response variability in the primary visual cortex[END_REF][START_REF] Buracas | Efficient discrimination of temporal patterns by motion-sensitive neurons in primate visual cortex[END_REF][START_REF] Reinagel | Temporal coding of visual information in the thalamus[END_REF]. In recognition tasks, objects were animated with a global visual jitter that bears some resemblance with fixation eye movements. The role of such eye movements in maintaining a high acuity in object recognition has been demonstrated in a recent study [START_REF] Rucci | Miniature eye movements enhance fine spatial detail[END_REF]. This suggests that the brain must keep track of the precise timing frequencies of the retinal flow to optimize pattern recognition. However, the role of millisecond precise timing in encoding invariant patterns or to recognize objects by higher cortical areas has not been established yet [START_REF] Hung | Fast readout of object identity from macaque inferior temporal cortex[END_REF]. There is, however, increasing evidence that, unlike what was initially believed [START_REF] Movshon | Predicting response variability in the primary visual cortex[END_REF], the precision of spike timing is not progressively lost as the sensory information travels from the peripheral representation to the higher level areas involved in decision-making and motor function [START_REF] Maimon | Beyond poisson: increased spiketime regularity across primate parietal cortex[END_REF]. This suggests that primary feature layers based on spike timing, like the ones proposed in our model, may be relevant for processing.

Timing seems to be an important factor to create a sensation of coherence between senses. The multi-modal fusion relies on precise timing coherence [START_REF] Marc | Humans integrate visual and haptic information in a statistically optimal fashion[END_REF]. A Blanke's study [START_REF] Blanke | Multisensory brain mechanisms of bodily selfconsciousness[END_REF] introduced experiments showing that when various sensory information are temporally linked, people are able to create an illusion of body projection or pain. However, when delays become too large, this illusion vanishes. Therefore, timing appears to be a key factor to combine multi-sensory information. Super-additivity is another phenomenon that occurs in this case. The higher acuity derived from this phenomenon is based on spatial and temporal proximity and on relative power [START_REF] Harrar | The Multisensory Blind Brain[END_REF]. Even if cerebral plasticity during sensory substitution relies on numerous hypotheses, the multisensory and visual area of the brain can be activated during a haptic search. Indeed, even if the visual pathway is not functional, portions of visual areas relies on specific tasks such as the orientation of a letter [START_REF] Ptito | Cross-modal plasticity revealed by electrotactile stimulation of the tongue in the congenitally blind[END_REF].

The tactile modality is an underused sense in our everyday life, it is an interesting substitute for other senses [START_REF] Gallace | The body surface as a communication system: The state of the art after 50 years[END_REF]. In parallel to Rucci's research on the importance of the temporality and the millisecond time precision for eye movement [START_REF] Rucci | Miniature eye movements enhance fine spatial detail[END_REF], this temporal window may also be really important for the skin. It has been shown that few milliseconds delays can alter sensations and create touch illusions [START_REF] Ioannis | Milliseconds Matter: Temporal Order of Visuo-tactile Stimulation Affects the Ownership of a Virtual Hand[END_REF]. Temporal delays generate different sensations and possibly reduce the integration of a single modality to the benefit of another. For example, the Stimulus Onset Asynchrony (SOA) plays a role in integrating the difference between a continuous or discrete movement [START_REF] Eid | Soa thresholds for the perception of discrete/continuous tactile stimulation[END_REF]. Depending on the signal intensity, burst duration, localization, and previous sensation, the Stimulus Onset Asynchrony limit are in the range of 45-125ms. Tactile sensation is linked to two temporal parameters, the Burst Duration (BD), and the SOA. The spacing between signals also plays a significant role. Depending on the application, the timing precision needs to be correlated to the spatial resolution and precision of the signal [START_REF] Van Erp | Vibrotactile spatial acuity on the torso: effects of location and timing parameters[END_REF]. However, it seems that beyond a certain distance and depending on the localization, the discrimination between two signals is always possible [START_REF] Scott | Using space and time to encode vibrotactile information: toward an estimate of the skin's achievable throughput[END_REF]. Therefore, artificial sensors must acquire data at this temporal precision to be able to convey a wide range of biomimetic stimulations [START_REF] Hannes P Saal | Simulating tactile signals from the whole hand with millisecond precision[END_REF].

other studies studying displacement over the skin

It is common to study the spatiotemporal resolution of a device to know better about its behavior. We have decided to study the spatiotemporal discrimination on the movement to determine the upperspeed limit in detecting the direction of a movement. We already know that timing plays a role in the discrimination of two points. Indeed, if two close locations have a too close inter-stimulus timing, the resulting sensation will be a point located between both [START_REF] Boldt | Two-point tactile discrimination ability is influenced by temporal features of stimulation[END_REF]. Thus, inter-stimulus timings inferior to 120 ms statistically create an ambiguous sensation of a unique point between the two stimuli.

For instance, Kajimoto [START_REF] Kajimoto | Forehead electro-tactile display for vision substitution[END_REF] has studied electrotactile movements on the forehead. They were able to show that the resulting sensations depend on the location of the stimuli for horizontal movements but not for vertical movements. Each tactile electrode was active for 1 second and the SOA was 1.5 second. The delay between two activations is far longer than what we are doing in our study.

Other electrotactile direction discrimination tasks have been evaluated by Franseschi [START_REF] Franceschi | A system for electrotactile feedback using electronic skin and flexible matrix electrodes: Experimental evaluation[END_REF]. In this study, the device is worn on the forearm. The device includes 64 tactile sensor outputs to 32 stimulation electrodes. The device seems to have a 20 Hz refresh rate but no precise information is given about the delays between two successive points. Direction discrimination was successful with an average of 85%.

The tactile jacket of Ouyang [START_REF] Ouyang | Vibrotactile Displaying of Flight Attitude with 2 Combination of Multiple Coding Parameters 3[END_REF] was also studied to detect displacement. The BD was set to 60 and 150 ms whereas the SOA was at 120 and 300 ms. This method allows 91% of localization accuracy.

Jones [START_REF] Jones | Vibrotactile pattern recognition on the arm and back[END_REF] also studied several patterns of direction discrimination on the arm and on the back. The accuracy to identify the patterns could vary from 30% to 96%, showing that the order sequence of the stimuli is really important to help intuitive and recognizable patterns.

The apparent continuity of motion relatively to temporal parameters has also been studied in an Eid's study [START_REF] Eid | Soa thresholds for the perception of discrete/continuous tactile stimulation[END_REF]. By using an armband and 6 coin motors, they were able to study the impact of spacing. They showed that spacing between 4 and 20 cm allow generating sensations of continuous movement. The sensation disappears if the SOA is outside the range of 50 to 120 ms. The SOA value is clearly dependent on the BD value and on the spacing of the motors.

It has also been shown that the velocity of movement across the skin will impact on the sensation of the length of the displacement with a positional shift. According to a Nguyen's study [START_REF] Nguyen | Velocity of motion across the skin influences perception of tactile location[END_REF], the slower the motion, "the greater the shift opposite to motion direction". The tests were realized on the left forearm at speeds going from 7.5 to 30 cm/s.

Burst duration and SOA play a crucial role in the sensation of direction discrimination. Van [START_REF] Van Erp | Vibrotactile spatial acuity on the torso: effects of location and timing parameters[END_REF] has studied the impact of those two parameters and shows an interesting contour map plot for the correct answers. It shows that to have more than 80% accuracy, it is necessary to select a couple [BD, SOA] varying proportionally between [BD = 30 ms, SOA = 140 ms] and [BD = 140 ms, SOA = 80 ms]. It seems that in any case, a SOA of less than 80 ms will lead to a reduction in accuracy. They used vibrotactile sensations to stimulate areas in the back.

To sum up, many studies have looked into the spatiotemporal resolution of the skin, and in particular with vibrotactile stimulations. No studies have shown any interest of a tactile stimulation at the millisecond temporal resolution. However, no studies have performed exploratory research on the long-term impact of such stimuli. Our experiment has the purpose to explore the effect of movements of different speeds through several sessions over time and how accurate people can be according to the temporal parameters.

experiment 1

This experiment aims at evaluating human performance and learning rate in a direction discrimination task.

Protocol

Participants: 18 participants (13 males, mean age 24.8, std=3.88), took part in the experiments.

The stimuli consist in a series of three vibromotors bursting to induce a perception of apparent motion on the skin, either moving to the left or to the right, with different SOA. The tactile trajectory stimulation covers 4 cm, from the center of the first vibromotor to the Stimulations varied between 5 positions: two on each side with eccentricities of 4 cm (L1 and R1) and 8 cm (L2 and R2) symmetrically from the vertical back meridian, and one centered on the spine (C). The rectangles represent the areas of tactile stimulation for the purpose of this experiment left (or right) end. To avoid any biases related to the vibromotors' locations or to the stimulated skin area, the position of each motion stimulus is randomly changing during the trials. Stimuli locations can be on each side of the vertical meridian at eccentricities of 4 cm (L1 and R1) or 8 cm (L2 and R2), plus one stimulation centered on the spine (C) as shown in figure 16.

For every stimulus position, the SOA varies between 10 to 290 ms with 20 ms increments. One ambiguous stimulus during which the three vibromotors are activated at the same time is also used; this stimulus is used as a control and a test of boundary conditions. Each condition is repeated twice, for a total of 310 stimuli (30 SOA + 1 ambiguous) * 5 positions * 2 repetitions. The experiment lasts about 15 minutes. The participants are asked to report the direction of the apparent motions, left to right or right to left, using a response box (here the keyboard of the computer). Subjects performed a single session every day for a total duration of 5 days in a row (session 1 to 5), without feedback about the correctness of their answers. Participants have all the time they need to respond. Once they press a key, the next stimulus is sent (ISI = 1 s). Participants stand in a dark room so as to keep focused on the tactile stimulation. They wear headphones delivering a pink noise to avoid auditory clues coming from the vibromotors' sound.

Apparatus

The operator helps the subject to place and adjust the device on their back. The system is tightly pressed against the skin with the help of a Velcro band. Before the beginning of the experiment, a control stimulus is sent to all of the 75 vibromotors during one second. This stimulus ensures that the vibromotors are functional and provide a homogeneous activation. The BD is set to 75 ms throughout the session.

Analysis

For each participant and each session, the percentage of correct answers as a function of the SOA is computed. As the difficulty decreases with an increasing SOA, the data follow a psychometric curve that corresponds to the shape of a sigmoid function that we fit to the data with:

f (x) = 1 1 + e -αx+β (4) 
where α defines the slope and β the shift toward one direction. Hence, α denotes the sensitivity and β a perceptual bias. A least squares technique and a bootstrap are used on the sample population (1500 iterations) to obtain a 99% confidence interval on the fit. An example of fit is shown in Fig. 17.

To evaluate the performance improvement over sessions, the SOA corresponding to 85% of correct answers is computed. As there is a shift in either direction, the mean SOA is chosen as the mean between 85% left and right thresholds. Confidence intervals (CIs) and Kruskal Wallis analysis of variance are used, due to the non-normality of data.

Results

The result of a Kruskal Wallis test conducted on the percentage of correct responses indicates that performance is higher for slow movements (long SOA) than for faster stimuli (short SOA) as expected. We find that the correct responses are statistically lower for SOA of less than 50 ms (p<<0.001). We then evaluate whether perceptual learning took place between the sessions 1 and 5. Fig. 17 shows the results of sessions 1 and 5 for a single subject. The overlaid psychometric function fits the subject's correct response rate as a function of the SOA. As it can be seen, the performance improves between the first and the fifth session, mainly because the subject deals better with shorter SOA and because the overall variance decreases. The shift at p(x)=0.5 represents the subject's bias toward one direction. Although the results in Fig. 17 illustrates a global improvement for this participant, the dynamics of learning largely differs between participants.

Performance and learning

The evolution of the mean correct response rate across sessions is presented in Fig. 18a. For session 1, the correct answer rate is 76.76%, 99% CIs [72.65, 80.87] while for session 5 it is 83.3%, 99% CIs [78.1,88.6]. A significant improvement is observed between session one and four (p = 0.03, F(1,16)= 4.5). The minimum SOA to reach 85% of correct responses is chosen as the value beyond which a speed movement is easily discriminated. The evolution of the SOA across sessions is Some participants are biased toward a specific direction, either left or right, indicating the existence of a decisional or perceptual bias. Fig. 19 shows the mean bias of each subject averaged across sessions computed as the SOA corresponding to 50% of correct answers, which is the value when subjects answer equally right or left. The 99% CI throughout the experiment is also plotted. We can observe that the individual biases are stable across sessions, as the confidence intervals are on average small. If the confidence interval is outside 0, there is a 99% chance that their bias is stable across sessions. These mean biases are heterogeneous between subjects. Five participants have a statistically significant bias (P<0.01), four have no significant bias with low CIs, and 9 participants show a large CI that denote unstable biases across sessions. Negative values represent a shift towards giving more Right responses; positive values represent a shift toward giving more Left responses. Subjects' mean answers and correct answers are analyzed at every location by summing up results from every session. Subjects' mean right answers are shown in Fig. 20A. Performance is significantly lower on the spine and the extreme right. A Kruskal test between positions shows a significant impact of position on correct answers (P << 0.001). There are no differences between L2 and R1 (p>0.5).

Spatial and directional impact

Responses of subjects regarding position are also analyzed (shown in Fig. 20B). For fast motions, subjects tend to rely on the sensed position of the stimulation (right or left side of the back) rather than using the motion trajectory of the stimulus. The Kruskal test between positions also shows a significant impact on answering direction ac-cording to position (P << 0.001). It is only between position R1 and C where position does not impact results (P > 0.5). This characteristic is comparable to what was observed in a Kajimoto's study [START_REF] Kajimoto | Forehead electro-tactile display for vision substitution[END_REF], but no explanation was given about this phenomenon. The impact of other factors is observed through the subject's correct answers to find a possible reason for the bias. Factors include the direction of the stimuli according to the spinal cord. The can be either centripetal (movement going toward the spinal cord) or centrifugal (movement going forward to the spinal cord). We can see in Fig. 21 that subjects show higher rates of correct answers for centripetal stimuli than for centrifugal stimuli (F(2,15)=7.00, P = 0.008), even if the effect remains weak. Centripetal = 82,0%, 99% CIs The origin of these biases is yet unclear and could reflect decisional biases, perceptual biases, sequential effects, or could be related to other global idiosyncrasies. In an attempt to determine the origin of these biases, a second experiment is conducted in which an attempt to correct the observed bias of each participant is made, by manipulating the distribution of SOA.

experiment 2

Experiment 1 shows a stable bias for several subjects indicating a tendency to report more often one direction of motion than the other. According to several studies [START_REF] Michael | Perceptual learning in contrast detection: Presence and cost of shifts in response criteria[END_REF][START_REF] Michael | Evidence for criterion shifts in visual perceptual learning: Data and implications[END_REF], a subject bias in a yes/no perceptual learning protocol can arise from different factors. Biases could be due to physiological and psychophysical attention [START_REF] Degerman | Selective attention to sound location or pitch studied with fMRI[END_REF][START_REF] Demany | Pitch perception and retention: Two cumulative benefits of selective attention[END_REF][START_REF] Hesselmann | Predictive coding or evidence accumulation? False inference and neuronal fluctuations[END_REF]: a stationary bias which is linked to a combination of noise signal and learning strategy, and a non-stationary bias linked to sequential effects [START_REF] Gold | The relative influences of priors and sensory evidence on an oculomotor decision variable during perceptual learning[END_REF][START_REF] Jesteadt | Sequential effects in judgments of loudness[END_REF][START_REF] Jones | The role of response bias in perceptual learning[END_REF]. Studies on neuroprosthetics have reported large disparities in the way individuals perceive and interpret stimulation [START_REF] Rincon-Gonzalez | The proprioceptive map of the arm is systematic and stable, but idiosyncratic[END_REF]. In their study, Van and colleagues found a perceptual bias during haptic guidance [START_REF] Femke E Van Beek | Correcting for Visuo-Haptic Biases in 3D Haptic Guidance[END_REF] and showed that, when a subject moves his/her hidden hand toward a visual target, the relative position of the hand to the target has a constant bias. This bias can be fixed by shifting the visual target with the value of each participant bias, suggesting that these biases are of perceptual origin, rather than decisional. A similar strategy has been adopted and the distribution of SOAs for each participant is shifted, using the bias found in experiment 1. This second experiment carried out a month after the initial one aimed at quantifying whether the perceptual learning found in the experiment is stable over time.

Protocol

Participants: 18 participants (13 males, mean age 24.8, std=3.88), took part in the experiment. Participants are the same as in the previous experiment. In this experiment, the subjects performed five additional sessions. Sessions 6, 7 and 8 were meant to quantify learning and the bias for each participant. The same protocol as in the first experiment was applied during these three sessions. In sessions 9 and 10, the SOAs of the moving stimuli are shifted toward each subject's bias to determine whether this manipulation could cancel the inherent participant bias. For example, a subject with a mean -40 ms bias would receive stimuli between -340 ms (left) and +250 ms, and their new origin would then be -40 ms. The number of stimuli (310) and the SOA increments (20 ms) is kept the same. The subjects were not informed that the stimuli changed between sessions; the delay between sessions remained unchanged (24 hours).

Results

Performance and learning

Performance through sessions (1-5,6-8, and 9-10) is shown in Fig. 22a and Fig. 22b for all participants. The first vertical dotted line represents the break of one month between sessions five and six. The second dotted line shows the limit before and after the distribution of SOAs. SOAs are adapted to each participant, based on the average bias computed from session 1 to 8 for each subject. The dark line represents the average correct responses across sessions. A month later, the answer rate remains constant between sessions. On average, improvements become significant after 6 sessions (p = 0,002 , F(1,16)=5). For session 8, subjects reached a mean of 83.9%, 99% CIs[80.2,87.6] of correct answers. After correcting participants' biases by shifting SOAs toward the direction of their bias, no effect was found of this factor on the mean probability of response rate: the mean for the 9th session is 82.46%, 99% CIs [78.20,86.71]. This result is not statistically different from the result obtained in session 5 (p>0.05). No statistically significant improvement is found when comparing performance before and after one month of rest (p>0.05). The SOA needed to reach 85% of correct answers is similar in session 5 (164.12 ms, 99% CIs [66.8, 261.4]) and session 8 (110.3 ms, 99% CIs [ 68.2, 152.5]). Subjects results show the improvement on the percentage of correct response rates and the value of SOA to reach 85% of correct answers through sessions. This is in line with results reported in the literature [START_REF] Richard M Costanzo | A quantitative analysis of responses of direction-sensitive neurons in somatosensory cortex of awake monkeys[END_REF][START_REF] Eid | Soa thresholds for the perception of discrete/continuous tactile stimulation[END_REF].

Bias

Fig. 23 shows the difference of mean bias between sessions 3,4,5 and 6,7,8 for each subject. The bias stayed statistically unstable for one out of 18 subjects (subject S3). In sessions 9 and 10, the stimuli are shifted toward each subject's bias. Sessions 7 and 8 are compared (where learning reaches a level of stability and performance) to sessions 9 and 10, to observe the difference between results. For sessions 7 and 8, the mean bias is -3.4 ms, 99% CIs [-17.8, 11.0], while for sessions 9 and 10, the mean bias is -4.3 ms, 99% CIs [-20.5,12.0]. Statistical tests were performed, and confidence intervals were compared, but no significant change was observed (p > 0.5). 

Spatial and directional impact

Subjects' mean and correct answers stay similar to the results reported in the first experiment.

discussion and conclusion

This study introduces a novel tactile device aiming to transform visual stimuli output from an asynchronous neuromorphic silicon retina into tactile stimuli. The system allows for a high temporal resolution stimulation to match the range of the inherent temporal properties of neurons. The event-driven architecture is adapted to prosthetics devices as it can efficiently process high temporal resolution visual streams on a mobile system in real time at low computational costs. This study evaluated the performances of the dynamic simulation of the device linking motion stimulations of tactile sensory neurons from actuators relative to different speeds of displacement of the stimuli. We show that even with no feedback, people improve their results over time. They can detect speed movement with an SOA of 110.3 ms, 99% CIs [ 68.2, 152.5]. This performance is reached on average at the 8th session.

Experiments show that learning rates vary consistently between subjects, this is an expected result that has been previously reported for other prosthetics devices that show a correlation between cognition and performances [START_REF] Ouyang | Vibrotactile Displaying of Flight Attitude with 2 Combination of Multiple Coding Parameters 3[END_REF][START_REF] Van Erp | Obstacle Detection Display for Visually Impaired: Coding of Direction, Distance, and Height on a Vibrotactile Waist Band[END_REF]. However, a clear pattern emerges as most of the learning is acquired during the first day of the experiment, with a gradual refinement occurring during the rest of the session, following a slow learning rate. After a month of rest, subjects maintain the same level of performance or even show improvements as reported in the literature [START_REF] Kami | The time course of learning a visual skill[END_REF][START_REF] Sathian | Perceptual learning in tactile hyperacuity: complete intermanual transfer but limited retention[END_REF][START_REF] Watanabe | Greater plasticity in lower-level than higher-level visual motion processing in a passive perceptual learning task[END_REF]. Performances also fluctuate from one session to another. This variation is due to the novelty of the stimulation and the need for a high level of concentration at the initial stage of the experiment until subjects are familiar with the device. The quality of the contact between the skin and the system is a crucial parameter that impacts performances. Subjects are asked to adjust the tactile belt themselves for better comfort, with the constraint of having to maintain the best contact possible between the device and the skin. Future studies could normalize the skin contact with the device using perhaps a pressure sensor to detect possible cases of loss of sensibility and trigger a readjustment. It is interesting to notice that without feedback, on average, subjects require two sessions before reaching a 80 % rate of correct answers. This result shows that even without feedback, subjects are still able to learn and improve their sensitivity to a specific task. This feature is adapted to an everyday use where users can still make full use of the system freely without the need for permanent feedback. These results and threshold in perception in pattern recognition tasks are similar to current studies reported in the literature [START_REF] Richard M Costanzo | A quantitative analysis of responses of direction-sensitive neurons in somatosensory cortex of awake monkeys[END_REF][START_REF] Eid | Soa thresholds for the perception of discrete/continuous tactile stimulation[END_REF][START_REF] Israr | Control space of apparent haptic motion[END_REF]. This comparison demonstrates that the device can reach the same level of performance compared to previous systems while adding more spatial and temporal resolution and low energy consumption. Results also show that subjects achieve various results in these tests. Some subjects perform well from the very first session while others show persistent difficulties. These are caused by poor skin-device contact and in other cases by a misunderstanding of the given instructions to experiment. According to the evolution of the answer rate for the poor performing subjects, the extreme bias should decrease, or at least be more stable. Indeed, despite the difficulty in properly accounting for the bias, the correct answer rate continues to increase until the last session. This change is likely due to an improvement in the sensitivity to decode information from mechanoreceptors and also because of a better focus after getting familiarized with the task. However, a continuous bias persists even for well-performing subjects. It is hypothetically possible to standardize subject's answers by shifting the stimuli toward subject bias, assuming the bias originates from perception and not from a decision. These results do not show significant improvements after correcting the biases. Indeed confidence intervals are too narrow to interpret a change, and the correction even tends to decrease performance for some subjects. Moreover, for the majority of the subjects, the shift is minimal due to the bias being by the same order of magnitude as the SOA step (20 ms as defined in the method). For subjects with higher SOA bias, various shifts can be shown on the answers bias, with no similar global changes. This linearity might be due to the fact that biases are also idiosyncratic and depend on many factors other than the perception.

Finally, the question of the mechanoreceptors' temporal resolution stays unresolved. Our attempt to see the evolution of the results according to speed discrimination at high speeds stay statistically coherent for an SOA of 110 ms, far from the 1 ms resolution we wanted to match. Some subjects succeeded to discriminate displacements for SOA close to 20-30 ms. However, the population is not large enough to determine if this value is linked to chance or if it is possible to make the assumption that each subject has their own limit to temporal resolution discrimination. Moreover, our study is limited to two weeks for a task demanding a lot of attention. Thus, experimental conditions can also play a huge role in results. In the next chapter, we will present a clinical trial in order to evaluate the ergonomics of the device and its ability to help solve basic visual exercises.

C L I N I C A L T R I A L O N S I G H T E D A N D U N S I G H T E D S U B J E C T S

Our device has the particularity to be non-invasive, biocompatible and easily removable. Due to French regulation law in 2015, after the death of a patient during a clinical Trial on January 10th, 2015, it is now mandatory that for all trials on humans to go through the phase of evaluation by a group of experts. Moreover, because the system is a medical device, it also needs to go through a technical evaluation by the French National Agency for the Safety of Medicines and Health Products. All those steps can last 6 to 12 months. In this part, we are going to evaluate the functionality of the device by making experiments which have already proved useful in other studies. Moreover, because one of the purposes of this study is to compete with neuroprostheses, those exercises try to focus on exercise similar to what was realized in neuroprostheses clinical trials. This study is only realized in a controlled environment and on the short term learning. Similar and more complex tasks have already been done with sensory substitution devices.

Our tests consist of five tasks, each having a specific purpose:

• Detecting movement direction for different speeds. This test has the aim to see if people can discriminate displacement up to 8 directions and if speed impacts success.

• Identifying number of bars with various spacing. This test has the purpose to see with the entire device the ability of people to detect spacing between objects and if reducing spacing can lead to confusion.

• Recognize shapes with various sizes. This test aims to see if people can recognize the specific shape and the impact of downsizing on results.

• Searching for a luminous target with various environment luminosity. This test aims to evaluate the fluency of people to search a target. It also evaluated the ability of the camera to discriminate a luminous point in an environment with various luminosity.

• Following a luminous path on the floor with potential obstacles. This test looks at abilities of people to follow a new way of presenting clue for displacement. It will also study this capacity by adding some obstacle, adding cognitive complexity.

Next session will go through experiments realized with sensory substitution devices and neuroprostheses to make a comparison.

Detecting movement is one of the most observed results on neuroprostheses and are considered as a simple perceptual task [START_REF] Beyeler | Learning to see again: Biological constraints on cortical plasticity and the implications for sight restoration technologies[END_REF].

A Stingl's study [START_REF] Stingl | Artificial vision with wirelessly powered subretinal electronic implant alpha-IMS[END_REF] performed tasks of motion detection. Studies were conducted over 9 months but tasks were evaluated at different moments, depending on the viability of the implant. For this task, 5 out of 9 subjects succeeded to detect movement. Concerning the motion speed, it goes from 3 degrees to 35 degrees per second.

A Humanyun's study [START_REF] Mark S Humayun | Interim results from the international trial of Second Sight's visual prosthesis[END_REF] also performed tasks of the direction of motion. 16 out of 28 subjects performed this test better than with the device switched off. The bar moved on the screen with 360 possible direction (corresponding to each degree of the screen) with 3 speed movements. The screen used was 24". People succeeded to detect the direction of movement with a precision from 18 degrees to 90 degrees. Tests were performed periodically for a duration of 36 months.

A Zrenner's study [START_REF] Zrenner | Subretinal electronic chips allow blind patients to read letters and combine them to words[END_REF] also studies the ability of implanted subject to detect the direction of movement. In this clinical trial, they displayed random dot pattern moving in four different directions to assess spatiotemporal resolution. The movement was tested at an angular speed of 1.11 degree per second. It was succeeded by only two patients out of three and the success rate is about 65% for the best subject.

For more detail on detecting movement, please refer to the introductory part of chapter 4.

Assistive technologies to detect spacing

Detecting spacing between shapes has not been a reported test for neuroprostheses. Instead, they performed a grating acuity test. This test consists of identifying the direction of a periodic spatial pattern, usually a bar. By reducing the spatial periodicity, it is then possible to identify the minimum length in order to detect spacing. This test is mainly performed because it is an easy test to realize at an ophthalmologist.

On the grating acuity test of Stingl [START_REF] Stingl | Artificial vision with wirelessly powered subretinal electronic implant alpha-IMS[END_REF], 6 subjects succeed to perform this task. Results show that subject are able to discriminate grating for spacing going from 0.1 to 3.3 number of line by degree.

A Humayun's study [START_REF] Mark S Humayun | Interim results from the international trial of Second Sight's visual prosthesis[END_REF] also performed the grating test and 7 on 28 subjects succeed to have a reliability score with 2.9 and 1.6 logMAR. This corresponds to a minimum angle of resolution between 13 and 0.65 degrees.

Zrenner [START_REF] Zrenner | Subretinal electronic chips allow blind patients to read letters and combine them to words[END_REF] performed a grating test. Experimental condition told us that " Bright lines of 0.6 cm width separated by 1.8 cm wide dark lines as well as bright lines of 0.8 cm width separated by 2.4 cm wide dark lines were presented at 63 cm distance". The orientation of the pattern was successful for 2 out of 3 subjects. The better subject was able to perform 100% of success.

For tactile, gratings have already been studied of very precise location such as finger [START_REF] Wong | A physical constraint on perceptual learning: tactile spatial acuity improves with training to a limit set by finger size[END_REF] and shown that people can improve by learning their sensibility until a certain threshold. For other locations, this test requires complex setup and they preferred other solutions to evaluate acuity [START_REF] H Christiaan Stronks | Vibrotactile spatial acuity and intensity discrimination on the lower back using coin motors[END_REF].

In our test, experiment parameters were inspired by the work of Kime [START_REF] Kime | Psychophysical assessment of perceptual performance with varying display frame rates[END_REF] to evaluate the impact of refresh rate on the perception of spacing. In their test, the pattern was actually moving and they needed to count the parity (odd or even). To make a simpler test, we preferred to limit the number of bars up to 3 and to reduce the intervals between bars. It will then help to evaluate the spatial acuity of our whole device (the camera plus the belt).

Assistive technologies to detect shape

A Sting's study [START_REF] Stingl | Artificial vision with wirelessly powered subretinal electronic implant alpha-IMS[END_REF] performed two tests, the C test and shape discrimination. On the C test, only 2 out of 9 subjects succeeded to realize this task with 0.01 and 0.037 logMAR result to the test, corresponding to visual angles of 1.68 and 0.45 degree. For shape detection, subjects were able to count the number of shapes and their position with respective scores of 2.8/4 and 2.3/4 but have difficulty to identify the geometric form 1/4. However, each of those tasks showed statistical improvement compared to switched off devices, indicating the device improves visibility.

A Zrenner's study [START_REF] Zrenner | Subretinal electronic chips allow blind patients to read letters and combine them to words[END_REF] evaluated the ability of subjects to detect and recognize geometric objects. Only one patient was able to detect all the different shapes (with a success rate of 100%). The two other subjects of this study were only able to detect and recognize 2 or 3 of the elements available in the scene. On the letter recognition task, only one subject performed the task (the one who successfully achieve the previous test). He was able to read 5 to 8 cm high letters, allowing him to read simple words and to make distinctions between 16 different letters. The success rate of the subject is 61%.

On sensory substitution devices, other projects aimed at identifying shapes or measuring spatial acuity. It has been shown, for example, that with training, using Bach-y-Rita's lingual stimulation system, it was possible to reach a resolution of 20/860 to 20/430, corresponding to a visual acuity of 0.7 to 0.35 degree after only 9h of training [START_REF] Sampaio | Brain plasticity:'visual'acuity of blind persons via the tongue[END_REF]. With regard to the discrimination of shapes and after the decrease in their sizes, the subjects using the lingual system were able to discriminate forms of a resolution of 5 by 5 electrodes with a good response rate greater than 70%(between a square, a circle, and a triangle) [START_REF] Bach-Y Rita | Form perception with a 49-point electrotactile stimulus array on the tongue: a technical note[END_REF].

The Université de Technologie de Compiègne also study the capacity to recognize geometrical shape with the TACTOS system [START_REF] Ali Ammar | Analyse de l'exploration tactile sur support traditionnel chez la personne aveugle et conception de l'interface de lecture Tactos[END_REF][START_REF] Sylvain Hanneton | Dynamics of shape recognition through a minimal visuo-tactile sensory substitution interface[END_REF]. The device consists of 16 braille cells able to generate shape according to the movement of a cursor on a screen. The study of Ammar [START_REF] Ali Ammar | Analyse de l'exploration tactile sur support traditionnel chez la personne aveugle et conception de l'interface de lecture Tactos[END_REF] was realized to explore the different strategies used by subjects to iden-tify a shape. A computer algorithm to model perceptual trajectories for this kind of tasks was developed by Stewart[164]. This technique allows finding explanations of the different search methodology and their efficiency.

Studies were also carried out to evaluate the different strategies adopted by the subjects in order to recognize different forms [START_REF] Bermejo | Sensorimotor strategies for recognizing geometrical shapes: a comparative study with different sensory substitution devices[END_REF]. In order to evaluate such an approach, they studied methodology for three devices, a minimalist sensory substitution device where virtual shape generate sound on the edge of a shape relatively to the head position, the Voice Device, and Echolocation. All subjects succeeded in recognizing some physical properties associated with a specific shape, with different strategies depending on the kind of device. Depending on the device, success rates were different and went from 56.68% to 58% to discriminate between 3 shapes, so above chance.

Training has been shown to be a crucial parameter to identify shapes. For instance, an Arnold's study [START_REF] Arnold | Tactile recognition of visual stimuli: Specificity versus generalization of perceptual learning[END_REF] helps subjects to learn shapes and then to make the exercise more complex by generating ambiguous elements. This study shows that improving the number of shapes to recognize, it also allows to improve generalization abilities.

Assistive technologies to find a target

A Stingl's study [START_REF] Stingl | Artificial vision with wirelessly powered subretinal electronic implant alpha-IMS[END_REF] performed light source detection. All succeed to complete this task and 8 out of 9 were able to detect the location of the light. However, compared to our study, this test was only on static condition, meaning subjects had not to move their head.

Concerning sensory substitution devices, some studies investigated the necessity of locating a target in space using visual replacement or neuroprosthetic systems. However, this study focused more on the theoretical study and no clinical trial has been carried out on subjects to our knowledge [START_REF] Dramas | Localisation d'objets pour les non-voyants: augmentation sensorielle et neuroprothèse[END_REF]. Other devices have been realized to find and grab objects [START_REF] Yu | PalmSight: an assistive technology helping the blind to locate and grasp objects[END_REF]. In this study, subjects had in their hand a binocular camera mounted on an user's palm and the information is provided thanks to five vibrators attached on the back of the same hand. However, even if an experimental procedure is reported, no information is given of the result of this experiment and will probably be explained in a future publication.

Other devices have shown that with the help of image processing, people can point toward a specific target [START_REF] Sylvain Hanneton | The Vibe: a versatile vision-to-audition sensory substitution device[END_REF]. In this case, the information was given by sound. It elicits no difficulty for subject to perform this task with an error in the position slightly above chance when visually memorizing the position and then pointing toward the remembered position.

Assistive technologies to follow a path

A Humayun's study [START_REF] Mark S Humayun | Interim results from the international trial of Second Sight's visual prosthesis[END_REF] also explored path following of subject. The test consists of following a white line on a black background with an angle. Subjects were located at a different location of the path to perform several conditions (to turn left or right and to have a different length). On the 24 months, over the success of participant went from 54 % to 82% of success rate. 54% corresponds to the last evaluation where neuroprostheses had degradation.

Concerning sensory substitution, the idea of being able to follow a path and to avoid the obstacle are not new. In 1974, scientists incorporated a sonar into glasses to echolocate obstacles forming a path [START_REF] Kay | A sonar aid to enhance spatial perception of the blind: engineering design and evaluation[END_REF]. Thanks to sound, subjects were able to avoid pedestrians and obstacle. No feedback was given according to the measurable result but on the feeling of participants to succeed tasks. On the 74 subjects, 90% had the sensation to master the device and 80% wanted to keep the device for daily activity.

But solutions were mainly designed to avoid obstacle rather than following a path. A solution aiming to follow a path come from a Bologna's study [START_REF] Bologna | Blind navigation along a sinuous path by means of the See ColOr interface[END_REF]. The See ColOr Interface is a device using sound to generate information. Each pixel is generating an instrument musical sound depending on the color. In this study, the subject had to follow a red line, contrasting with the background. It showed that people were able to reduce the time to perform the tasks thanks to training.

Tactile devices have also been realized to avoid obstacles in the street [START_REF] Senem Kursun Bahadir | Wearable obstacle detection system fully integrated to textile structures for visually impaired people[END_REF] but no current trial has been realized on the device to explore its impact. Wang [START_REF] Wang | Enabling independent navigation for visually impaired people through a wearable vision-based feedback system[END_REF] realizes a similar device helping to move in a maze thanks to tactile information sent to the finger. The device is able to analyze image depth in order to extract important feature to avoid. It showed that people were able to escape the maze with a reduced displacement speed. They plotted trajectories in order to evaluate strategies and reported one collision.

For its part, Lee [START_REF] Hoon | RGB-D camera based wearable navigation system for the visually impaired[END_REF] developed a RGC camera to reconstruct the environment surrounding a subject and to indicate a potential pathway. The device uses a complex algorithm in order to detect obstacles and practicable pathway in an indoor environment. It allows a navigation performance at 28.6 Hz. It shows that this device improves average time to succeed a locomotion task relatively to the same task realized with a white cane in an unknown environment. The proposed system nearly reaches performances of locomotion time of a blind subject knowing his environment, showing its good performances.

In the project of Lykawka [START_REF] Lykawka | Tactile Interface Design for Helping Mobility of People with Visual Disabilities[END_REF], they are using a Kinect device in order to detect depth and then conveying information of close environment to subjects. Subjects were moving behind a kart containing the prototype and stimuli were projected thanks to a vibromotor matrix on the torso. The intensity of each tactor represent the proximity of an obstacle in the environment. Subjects were able to correctly follow the path by avoiding obstacles. The experiment reported one collision and another one momentary confusion.

A Zelek's study [START_REF] John S Zelek | Seeing by touch (haptics) for wayfinding[END_REF] developed an inexpensive tactile glove in order to convey tactile information. The camera was strapped to the waist in order to record the scene in front of the subject. The camera was able to record depth maps in front of the subject. Even if the de-vice seemed functional, no statistical data was reported relatively to results.

Another project from Pissaloux [START_REF] Edwige E Pissaloux | A New Framework for Cognitive Mobility of Visually Impaired Users in Using Tactile Device[END_REF] allows simplifying a scene in order to know obstacle on the pathway. The device allowed presenting kind of maps of the place by allowing to browse a map with the finger. It shows that for the five subjects realizing the task, each of them succeeded to detect the obstacle and to make a turn around it. No locomotion test was realized but they studied how a subject can learn from the device to know better how the room was composed. Thus only virtual navigation was realized.

Finally, Bourbakis [START_REF] Bourbakis | A system-prototype representing 3D space via alternative-sensing for visually impaired navigation[END_REF] developed a tactile device on the torso able to code with specific patterns the height and distances of a potential obstacle in the visual field. He was using the Tyflos device. It evaluated the result on processes information meaning that the data is not processed in real time. Results were interesting because 91.5% of the users were able to identify correctly the open paths in images containing obstacles. Future studies need to happen in real conditions.

protocol

Participants: 15 participants took part in the experiments with 10 unsighted subjects (5 females, mean age of 48, std= 12) and 5 well sighted subjects (3 females, mean age of 48.6, std =13). This exploratory study aims to evaluate the properties of the neuromorphic substitution device presented in the previous chapters. This study allows us to refine the device's design and its parametrization across subjects in order to achieve the best ergonomics, allowing the subjects to use it with ease and minimal discomfort. The setup of these experiment aims to show two principal aspects:

• the possibility with the neuromorphic device to perform a large variety of visual tasks,

• the progress attained by subjects when performing increasingly difficult tasks

Five different tasks are proposed and described further in this work.

Experimental environments and tasks description:

the homelab The Homelab (fig. 24 left ) is a 45m 2 monitored apartment dedicated to the simulation of real residential environments. This facility allows the assessment and validation of technologies that help to improve visually impaired people's daily life. The apartment is reconfigurable, equipped with automated lighting control and camera networks are used to monitor subjects.

artificial street

The artificial street ( fig. 24 right) is a platform used to simulate in- door and outdoor urban environments to test and evaluate solutions related to mobility problems faced by people with visual disabilities. The platform allows simulating realistic and immersive environments with advanced sound spatialization system, lighting effects and realistic decorations. A motion capture with millimeter accuracy system (Vicon -optoelectronic device working with ten infrared camera T1601 ) is used to track individuals within the recreated environment.

The camera networks used in the two environments are non-invasive for participants and have the CE certification. An objective analysis of human behavior is achieved via video recordings of the experimentations. Cameras can be controlled from a control room and passive markers are placed on subjects body to allow tracking from the motion capture system. All the data are collected in real time.

lighting:

The lighting in the artificial street is provided by nine modulable panels of 3.5m squared each. They provide homogenous light with adjustable parameter: intensity ranging from 0 to 2000 Lux and temperature from 2700 to 6500k. The control of the different environmental parameters allows producing experimentations in standardize and reproducible conditions. 

Experimental conditions:

For each session, the subject is asked to wear a provided tee-shirt and to attach the device with the help of an operator. Then, the subject puts the headband with the event-based camera on. The operator then switches the device on and launches the connection to the trial software. A headphone is put on the subject to reduce vibromotors' noise and to relax him by playing meditative sounds. For every session, answers of the subject are audio and video recorded in order to detect bias. Experimental condition for each exercise are described on table 4 and 5. 

Material

A computer is used to make the experiment. All the videos and pictures are displayed using a screen.

Common experimental process

The subject is sat on a chair, at one meter of the screen. The experimenter writes the answer on the screen of the computer. No feedback is given to the subject relative to the success of the task to avoid to bias learning. According to the success rate, the task may become more difficult. Setup and picture can be seen on figure 26a and 26b

Experimental process particularity

A circle is displayed on the screen. The shape will then move on different direction as seen on figure 25a at a constant speed. If the success rate is reached, the speed of the circle will then increase.

A different number of vertical bars are displayed on the screen, in front of the subject as seen on figure 25b. The purpose of this exercise is to determine the number of bars. If the success rate is reached, the difficulty increase by reducing the distance between bars.

A different number of shape are displayed on the screen, in front of the subject as seen on figure 25c. The purpose of this exercise is to determine the kind of shape. If the success rate is reached, the difficulty increase, reducing the size of the pattern. Several light bands are positioned on the floor as seen on figure 28a . They are positioned to form an eight on the floor. This setup allows presenting a straight line or path with a right angle. Lines are located 2 meters away of the wall for subject safety. Depending on the complexity of the task, a black box could be located on the floor.

Difficulty

Common experimental process

A computer is used to do the experiment. To prevent the subject from hearing the sound of vibromotors, a headset is used t. A motion tracker is setup to follow the subject's movement. The subject is equipped with the device and with motion sensors (Vicon). Examiner are present for the security of the subject.

Experimental process particularity

The user need to scan the area to locate the light source. To do so, he stands and needs to make a rotation on himself. When the light sources are located, he needs to point his finger in that direction. The experimenter needs to judge the success or not of the task.

Then, a new target is illuminating. If the success rate is enough, the luminosity of the room will increase, making exercises harder by reducing the contrast between sources and the environment. Material: A computer is used for the experiment.

Experimental process:

The subject is sitting on a chair. On the back, a circle is projected and will move in the four directions of the space. For every direction, four speeds will be proposed to the subject. The subject must choose among the four stimuli the one he qualitatively favors the most. The mean selected speed is then saved and will serve as a reference in the study. With the favored speed, four stimulation delays are then presented and the subject is asked to choose the one he prefers. This data is then saved for the rest of the study.

general point about sessions:

The first trial of a session aims to accustom the subject to the device and to make sure the instruction has been understood. The subject is guided by the operator during that trial. During a session, the subject wears the device for the time of the exercise. It can be taken off during a break, at the discretion of the subject. At the end of each exercise, a short questioner is given to him to collect his immediate feeling.

measures to reduce and avoid analysis bias:

During each exercise, for a level of difficulty, stimuli are displayed randomly to avoid memorization of the sequence. Each scene is au- dio and video recorded. This precaution will allow the detection of possible mistakes. The conditions of success of a task are chosen such that one can be sure it is not due to luck (P<0.05).

analysis:

Recorded experimental are processed and analyzed with the SciPy Python library. Videos are used to examine the behavioral and strategies of the subjects. Body and head displacements are extracted from motion capture recordings.

results

On the 15 subjects and for the 4 sessions, only two sessions were discarded due to technical problems during experimentation: a lighting failure for one session and a camera connection loss in the other). 

Training Session

For the five exercises, first trials are used as a tutorial to present the exercise to the subject. The operator makes sure not to let the training session to last more than 10 minutes. However, for some subject, due to task difficulty, extra time might be given. For exercise 5, two training phases are proposed, one before level 1 to train to follow a line and one before level 3 to learn how to avoid an obstacle. As seen in Figure 29 

People to reach a certain level per session

On table 6, you can see for each exercise and each session, the number or subject to reach a certain level. Exercise 1 and 4 seem particularly intuitive because there is no significant progression between session 1 and 2. Subjects are more successful for exercise 1 at session two because the number of subjects to reach level 5 doubled. Exercise 3 seems particularly difficult for the subjects because less than 53% of them reach level 2 at the second session. No one reaches level 5 of difficulty for the exercise 3. 

Comparative results between session 1 and 2:

Each exercise is performed twice and each completion corresponds to a session. Figure 30 shows the number of subjects who reached an additional level in session 2. We can thus observe that on average, 1.49, 95% CIs[0.60;2.38] subjects progress on each level between session 1 and session 2. This result is statistically significant and shows that subjects, either learned to better control the device or to better perceive the exercises. This improvement is particularly significant for tasks 2 and 3 in the HomeLab with a progression of 2.75 subjects, with 95% CIs[1.47;4.02] for exercise 2 and 95% CIs[0.52;4.98] for exercise 3. Between sessions 1 and 2, we can see a noticeable increase for exercises 3 and 5 with respective increases in the success rate of 13%, 95% CIs[4.1;29.9] and 7%, 95% CIs[0.3;11.5] (see Figure 31). It should be noted that this increase in the success rate corresponds to the exercises perceived as the most difficult. There is a slight increase in Exercise 1, but this is not statistically significant.

Concerning the variation of answer rate shown in figure 32, only subjects in exercise 1 statistically improve their response time by 980 ms, 95% CIs[401,1559]. For exercises 2, 3 and 4, the response time improves in average and for exercise 5, it decreases with no significant statistical impact. 

Detailed Results for Exercise 1:

Exercise 1 consists of locating a circle on a screen and in centering subject's head on it. Once the subject is centered, the circle moves in one of the eight directions of space and the subject must indicate the direction of movement orally. The results are summarized in table of Appendix A.2. Subjects take an average of 5.6 seconds to respond to a stimulus and have an average success rate of 74%. The main difficulty of this exercise is to keep the camera centered on the middle of the screen (this corresponds to the primary position of the circle).

The main errors noted by the operator are related to the inaccurate centering of the head. 40% of subjects reached level 5 on session 1 and 80% of subjects on session 2.

For the first two levels, on figure 33, the average scores are well above luck and subjects interpret the stimulus well. It should be noted that the error is slightly larger at level 2. This difference is likely due to the lower resolution of the system on this axis. Results for level 3, in figure 34, show us that even though the good answers are much higher than the percentage of chance (25 %), stimuli up and left are less recognized and often confused with a down signal for the left or a signal left or right for the up. The difficulty of recognizing the up signal is due to the positions of the subjects' heads and the poor vertical resolution of the device. Indeed, due to the weight of the system, it has often been noticed that the subjects' heads tend to stop, making stimuli up more challenging to interpret. Concerning the level 4 of exercise 1, the speed does not prevent the subjects perceiving the displacement in the absence of oscillation. The highest speed of the stimuli is not high enough to reach the speed limit from which the subjects cannot respond anymore. The current screens' technology has a refreshing rate of 60Hz to 100Hz. A display with higher refresh rate is required if we wish to find out that speed limit. Currently, considering the distance of one meter from the screen and assuming that the head of the subject is stable, the speeds perceived on the back of the subjects range from 1.68 to 32.14 vibromotors/s horizontally and from 1.21 to 23.31 vibromotors/s vertically.

Figure 35 shows the answer rate depending on the stimulus for level five. Due to an error in the answer recording script, the "Up-Left" answers are recorded as "Down-Left" answers. Therefore, the responses are divided in two between "Up-Left" and "Down-Left" to get closer to reality. As expected, subjects are generally good at interpreting horizontal and vertical stimuli and are more likely to miss diagonals. However, even if the correct answer rate on the diagonals movement is lower, at least one of the associated components (vertical or horizontal direction) is good. It may be expected that with a more extended training or a more significant and uniform spatial resolution, subjects can increase the success rate of this level of difficulty.

Detailed Results for Exercise 2:

Exercise 2 consists of moving the subject's head in front of a screen in order to identify the number of vertical bars, this number can vary between 1 and 3. The subject is free to spend all the time he wanted to identify the information.

Detailed average results are presented in table 10 of Appendix A.2. Subjects take an average of 11.3 seconds to respond to a stimulus and have an average success rate of 87%. The main difficulty of this exercise is to make a horizontal movement of the head at a constant speed and not to hesitate to repeat if any doubt. The main mistake is a head movement that is too fast or irregular, causing the information on the back of a naive subject to appear too quickly. Responses of subjects according to the stimulus are now presented. Levels 1, 2 and 3 are considered reasonably trivial, the level of success for each stimulus being greater than 80%, as seen in figure 36a and 36b. Only the detection of 3 bars can be a problem in level 2 if the subject has not thoroughly scanned the screen or if the subject's head has moved too fast, obscuring the sensation of one of the three bars. This trouble also occurs for level 3 of the difficulty, as seen in figure 36c, to a lesser extent because the success of level 2 may correct this problem. Thus, subjects with an unsuitable strategy remain at level 2 till they improve.

Figure 37 shows unusual answer for level 4 according to responses. For level 4 difficulty, when the bars get closer, it is increasingly difficult to identify the 3 bars. Indeed, it is noticed that the closest bars are, the more it is necessary to have a slow movement to identify them well. This effect can be related to two factors, the lack of training that would prevent the sensation of several bars moving simultaneously on the back or the inability to feel the difference (possibly due to the phenomenon of saltation). However, for the most meticulous subjects, they managed to reach the smallest gap, while feeling a difference. We can, therefore, hope that with more training and a system with a better resolution, subjects will be able to identify small gaps. Regarding the distance between the bars, it creates a representation on Exercise 3 involves moving subject's head in front of a screen to identify a shape between a square, a circle, a triangle or a cross. Subjects are free to take as much time as they want to identify the information. Detailed average results are reported in Table 11 of Appendix A.2.

Subjects take an average of 35 seconds to respond to a stimulus and have an average success rate of 66%. The main difficulty of this exercise is to understand that the shape has the size of the field of the vision of the camera and to find the right strategy to recognize the forms. The most commonly used strategy is to identify the edges of the shape, and to compare the top and the bottom, allowing for instance in level 1 to interpret the difference between a square and a triangle. With a good strategy, subjects manage to recognize the forms, but the fatigue and the lack of feedback make the task difficult. Only 20% of subjects reach level 2 of difficulty in session 1, and this number reached 53% in session 2. This result indicates that exercise 3 is one of the most difficult. Responses of subjects according to the stimulus are now presented.

Regarding the results of Level 1 on figure 39, the difference between a square and a triangle remains a challenging task where the success rate is just higher than the chance. Feedbacks of the subjects vary a lot, going from the total impossibility to feel a difference, to too intense tiredness to realize this exercise serenely. The fact of not "feeling" the size of the object before being able to observe it is also a source of frustration. Once subjects have found and determine a good strategy, the success rate is much better (except in the few cases where answers are statically reversed). For many subjects, if the failure rate is too high (corresponding to 8 incorrect answers out of 12 trials), regular feedback is given to the subject to help him to improve his strategy. Level 2 is more successful as seen in figure 39, especially to detect a circle. This success may be due to the sensation of a circle is close to a square and has been learned by subjects on the previous level, whereas the cross creates entirely new sensations. This imperfect result may point out that the initial training is undervalued concerning task difficulty and the fatigue accumulated from previous exercises. It will be necessary to review this exercise to improve its learning and to evaluate whether integrating the whole form in the visual field does or does not help the subject.

Once the first two levels are successful, level 3 shown in figure 39, seems more straightforward with a recognition rate well above luck. Only the identification of the circle seems to be problematic and can be confused with another form (mainly squares).

Finally, there is too little data for us to draw a conclusion for level 4. It may be possible to assume that according to the strategy adopted, the size of the form is not necessarily a concern from the moment that the right strategy is applied (but this assumption is only valid for a subject so impossible to verify).

The height of the shapes displayed on the back varies between 23 to 7 vibromotors in width and from 16 to 6 vibromotors in height. Exercise 4 involves moving the subject's head and body in a room where the overall brightness may vary. The subject is free to take as much time as he wants to identify the information. Detailed average results are presented in table 12of Appendix A.2. Subjects take an average of 53.5 seconds to respond to a stimulus and have an average success rate of 95.5%. The goal is to identify whether it is always possible by changing the brightness of the room to find the light target. Thanks to the camera ability to detect contrast changes, it seems that with the brightness proposed in the exercise, no limit was found. 60% of the subjects achieved level 5 in session 1 and 69% in session 2. The main factor of failure to progress is, therefore, a too long search time relative to the total duration of the exercise.

Detailed results of exercise 4:

The responses to the position of the light are shown in figure 40. There is nothing statistically significant to report. The slightly lower correct response rate for positions four, six and seven can be attributed to a slightly different texture of the room walls in these directions, which may lead to errors or slight bias.

Detailed results for exercise 5:

Exercise 5 consists of moving in a room according to a path highlighted by diodes on the ground. The subjects are free to take all the time to reach the end of the track. Depending on the level of difficulty, an obstacle may be present on the path of the subject. Detailed average results are presented table 13 of Appendix A.2. Subjects take an average of 100.6 seconds to walk the path and have an average success rate of 77.7%. The main difficulty of this exercise is to assimilate the change in the angle of the camera which is now 45 degrees in front of the subject (about 1 meter ahead) and not to go too fast to avoid missing the angle (the detection of angles is more difficult if the subject is already too advanced). 20% of subjects achieved level 3 in session 1 and 46% in session 2, level 3 corresponding to the appearance of an obstacle. Responses of subjects according to the stimulus are now presented.

For Levels 1 and 2, one can notice on figure 41 that without obstacle, the task of line tracking is quite simple with a success rate per track greater than 70%. Thanks to the familiarization and the previous exercise, this task is relatively easy.

When adding the obstacle, the correct response rate drops to 40%. On average, avoiding an obstacle is difficult for different subjects, regardless of the length of the trip. Answer rate according to stimuli is shown in figure 42. More training would undoubtedly be necessary to improve these results and increase the number of successful subjects to reach level 4.

The main mistake to avoid the obstacle (once the obstacle is identified), is not to take enough time to estimate the distance to travel to get back on the track. This sometimes is leading to returning too soon or too late to the track, resulting in a collision with the obstacle (and the failure of the current test). Regarding the progression between session 1 and 2 for both populations, unsighted subjects statistically improved their performance between sessions 1 and 2 for exercise 3 by 12%, 95% CIs [2;22]. This statistical progression may be because unsighted are not used any-more to solve the visual task. Then, the impact of training is much consistent for this population. If we observe the improvement in the response time between sessions 1 and 2, the unsighted subjects improved their response time for exercise 1 by 1.14s 95% CIs[0.35;1.93] and the sighted subjects in exercise 4 by 6.83s 95% CIs [1.71;11.95].

Those results are however harder to explained and do no show a statistical difference between population.

5.3.10

Results concerning the returns of the survey:

During the study, at the end of each exercise, a survey is submitted to gather the opinions of the subjects concerning their feelings. It evaluates the difficulty of the exercise, the quality of the signal, the fatigue caused and the potential inconvenience related to the system. Figure 43 shows the average level of difficulty perceived by the subjects. Exercises 2 and 4 are perceived as the most straightforward with an average difficulty of respectively 2.4 and 2 out of 5. Exercises 1 and 5 can be considered as medium with a mean of 3.1 and 3 respectively. Exercise 3 is considered the most complicated with an average of 3.7 out of 5. The perceived difficultie for exercise 1 is due to two factors, centering the camera by keeping the head fixed in front of the screen and keeping a good level of concentration. Level 5 also has a role in the difficulty of the exercise because it is challenging to detect diagonal movements if the camera is not centered. Exercise 2 is made easier because subjects can move their head. This significantly improves the interpretation of the results. The main difficulty is due to the approximation of bars (which can create confusion), to the possibility of feeling the edges of the screen and to a non-constant rotational speed of the head. Difficulties for Exercise 3 are mainly related to concentration, to endof-session fatigue, but also to the strategies to adapt to discriminate forms. For this exercise, it is possible to separate the population into two groups, those who have found an adequate strategy (such as feeling the presence or not of the top of the triangle) and those who do Figure 44 shows the average level of clarity perceived by the subjects. On average, subjects perceived stimulation as generally clear or moderately clear with an average of less than 3 out of 5 regardless of the exercise (5 corresponding to a confused feeling). Note that exercises four and five are considered as providing better result clarity, with respective averages of 1.5 and 1.7 out of 5. This result could be related to two factors: the system is more suitable for performing locomotion tasks, or the device conforms better to the body due to the standing position of the subjects.

Regarding the feedbacks of different subjects, the clarity of the signal depends on the intensity of vibromotors that may not be suitable for exercise. Some subjects even wished to be able to control this parameter in order to refine their sensation. The second misapprehension is the link between the position of the stimulus on their backs. Subjects may have the feeling of a spatial shift between the position where they are looking at (in front of them) and the relative position on the back. This factor is undoubtedly related to the fact that the system, according to the subject size, cannot always be centered in the same way from one subject to another, or a shift of the angle of the camera relatively to the head (the camera can be slightly tilted when subjects move their head). Finally, the last point impacting the clarity is related to stimulation bugs induced by the mechanical deformations of the electronic circuits, saturating the vibromotors and occasionally creating parasitic stimulations. Although most subjects can identify this difference, it creates some discomfort.

Figure 45 shows the average level of fatigue generated by the exercises on the subjects. The evolution of fatigue relatively to the exercise follows the same trend as for the difficulty, with exercise 3 the most tiring (average of 2.75 out of 5, 5 corresponding to the level of highest fatigue). About the feedbacks of the different subjects, the fatigue is mainly related to the concentration, to the duration of the exercises or to the fact that an exercise is at the end of the session (the exercises 3 and 5). For some subjects, the ergonomics of the system and especially its weight are the direct causes of their fatigue.

Finally, concerning the discomfort (pain, heat, friction) caused by the system, it concerns 1/3 of the subjects for a total of 10% of their exercises. The discomfort of the system is linked to the ergonomics of the system (heavy and bulky) and in particular the weight of the camera on the head, fatigue, the fact to be seated or to keep a static position, according to feedback.

At the end of the final exercise, questions are asked to the subject to assess the relevance and interest of such a device. This survey is not proposed to sighted subjects. Out of the ten blind subjects, eight show an interest in using such a device in everyday life. For subjects without interest, the reasons for their refusal are the ergonomics of the system and/or the slowdown induced to their displacement. For subjects who have found an interest in such a system, their concern is either related to the resolution of specific tasks (detecting the entry of buildings, detecting external obstacles, checking the condition of the devices at home) or conditioned by the improvement of the ergonomics and the discretion of the system. Such a device would be mainly complementing the solutions already used by them, at least initially. The relevance of such a system is largely subject to its ability to detect holes and to give outdoor information on the configuration of the space (obstacle, pedestrian crossing, work, etc ...). Its use seems appropriate in new places (whether indoor or outdoor) and locations with potential danger. It could also be coupled with other sensors (GPS, gestural feedback) to provide additional information such as orientation or path to follow. It would be necessary to modulate the intensity of the vibrations according to the different environmental conditions. Finally, the main advice given to improve the current device is to miniaturize all parts of the system and especially the camera. The system must be discreet and lighter. The camera needs to be integrated into a pair of glasses to enhance its discretion and bring an aesthetic quality. Only one of the subjects wished that the camera and the vibromotors to be positioned at the level of the hand because it seems more intuitive.

Technical status of the device after the study

For practical reason, the device was not repaired between session. No subject reported a lack of sensation in any part of the back during and between sessions.

On figure 46, the device with functional and nonfunctional vibromotors is presented. Out of the initial 480 vibromotors, 210 are defective, which correspond to an amount of 44%. The reason for the failure is due to :

• the tearing of the connectors on the borders due to the different size of the subject and the presence of the Velcro.

• the tearing of the capacitors in the middle of the device, this turns some straps unstable (vibromotors always active because of the drop of tension in the communication I2C bus).

• For isolate vibromotors, this is due to local frictions against the skin which induce a rupture in the flexible PCB. For an entire line of dead vibromotors, this may be due to the webbing located in the area.

Even if it is challenging to be sure when vibromotors fail during and between the experiments, there is no significant drop in the results through sessions. This result may show the robustness of such a device where people could still have enough information to succeed in the task. However, it can also show that the primary device has too many actuators and that a few amounts of vibromotors could perform the same tasks with identical results.

discussion

The OptoTouch study tested the first version of a brand new neuromorphic sensory substitution system with an embedded camera. This study has three objectives: checking the ability of subjects to perform tasks with controlled settings while identifying the limitations of the system; evaluating the relevance of making the exercises gradually harder; identifying the factors improving the ergonomics of the system.

Our tasks were chosen to match those made with neuroprostheses. For instance, a Stingl's study [START_REF] Stingl | Artificial vision with wirelessly powered subretinal electronic implant alpha-IMS[END_REF] performed a task similar to ours but with different choices in the experimental conditions. It is always difficult to compare two different devices because it is practically impossible to recreate the same conditions. Neuroprostheses have far less resolution than our device, but prostheses are worn on longer periods, allowing more time for brain plasticity. Moreover, the longterm efficiency of implants is poorly known, which raises questions about the integrity of such devices over time. Because many other sensory substitution devices try to solve visual tasks, we also compare to them. Moreover, because we tried in our application to make the exercises gradually more complex, the results are intrinsically different.

detection of movement

Detection of movement is one of the first exercise realized with neuroprostheses. It is an easy task because the spatial information is conserved between an implant and the visual cortex. It means that even if a subject does not perceive a clear and continuous movement, it is at least possible for him to determine its direction. For neuroprostheses and sensory substitution devices, this exercise is quite intuitive and almost all subjects succeed in this task. In other studies, the head is held still in order to avoid disturbances caused by head movements. In our case, the subjects could freely move their head. This implies two additional difficulties. First, the subjects need to orientate their head toward the right location to execute the task, while they have little or no feedback about that parameter. Secondly, once in position, it is quite hard for them to keep their head static and this sometimes causes false results. It leads to an overall accuracy of 74% for the entire set of difficulties and for all subjects. This result is higher than the chance level but is lower compared to results from neuroprostheses and other sensory substitution devices. This is mainly due to the head-free condition. Concerning the stimulus displacement on the back, the speed could vary from 1.24 to 32.14 vibromotors/s. It represents an activation timing between motors (or SOA) from 1.6 to 62 ms. Our results suggest that subjects do not have difficulty to discriminate movements as far as their head is well centered in the middle of the screen. Because 12 out of 15 subjects succeed in reaching level 5 in session 2, it means that at least 80% of the subject are able to detect movements with SOA reaching 62 ms. This result is better compared to the value found in chapter 4 and is consistent with other studies. For instance, if we take a look at the contour plot indicating the proportion of correct responses as a function of the burst duration of a Tong's study [START_REF] Tong | Two-point orientation discrimination versus the traditional two-point test for tactile spatial acuity assessment[END_REF], it shows an accuracy value of 75%. It is surprisingly very close to our results. As said previously, due to frequency limitation of the test screen, it was impossible to display faster stimuli that could have been perceived by our high-speed camera. New experiments need to be made to evaluate the ability of our device to detect and render faster movements.

determination of the number of bars according to spacing

Our exercise is different from classical grating tasks because for high spatial frequencies we kept an empty space between the bars and the screen borders. A full field grating would trigger too many motors. However, the main limitation of this task is the duration needed to solve it. Indeed, twenty minutes was not enough time to try all the spacings. Thus, we have not enough data to compare to the state of the art about the accuracy of our device relatively to the grating parameters.

pattern discrimination

The pattern discrimination task is an interesting task because it was considered by the subjects as the most difficult. It is also a difficult task for neuroprostheses with 25% of success in a Stingl's study [START_REF] Stingl | Artificial vision with wirelessly powered subretinal electronic implant alpha-IMS[END_REF] and 100 % of success with Zrenner's device [START_REF] Zrenner | Subretinal electronic chips allow blind patients to read letters and combine them to words[END_REF] but with a unique subject. For sensory substitution devices [START_REF] Bach-Y Rita | Form perception with a 49-point electrotactile stimulus array on the tongue: a technical note[END_REF] 70% of accuracy was achieved with a 5 by 5 electrodes matrix to discriminate between a square, a circle or a triangle and a Bermejo's study [START_REF] Bermejo | Sensorimotor strategies for recognizing geometrical shapes: a comparative study with different sensory substitution devices[END_REF] achieved 56.68% to 58% of accuracy to discriminate between 3 shapes, still above the chance level. This kind of task is not intuitive and that is why Bermejo studied people's strategies to observe a shape [START_REF] Bermejo | Sensorimotor strategies for recognizing geometrical shapes: a comparative study with different sensory substitution devices[END_REF] or why Ammar asked the subjects to draw the shape they observed [START_REF] Ali Ammar | Analyse de l'exploration tactile sur support traditionnel chez la personne aveugle et conception de l'interface de lecture Tactos[END_REF]. We can wonder if this kind of device is adapted to realize such a task and to determine the required duration to master it. Training has proved to be a crucial parameter to identify shapes as Arnold [START_REF] Arnold | Tactile recognition of visual stimuli: Specificity versus generalization of perceptual learning[END_REF] showed by creating more and more ambiguous shapes, allowing the subjects to improve their capacity of discrimination. With our protocol, more sessions will be required to see the long-term learning effects of such a task and the potential impact of reducing shape sizes.

target localization

Target localization is not well documented.Indeed, it generally requires image processing to extract and convey interesting information to the subject. Without visual processing, the information needs to be very contrasted relatively to the environment. To our knowledge, no exercises have the purpose to find a target in a 360 degrees environment. Exercises presented in a Stingl's study [START_REF] Stingl | Artificial vision with wirelessly powered subretinal electronic implant alpha-IMS[END_REF] consisted in evaluating neuroprostheses to see if it creates accurate spatial responses, with the head fixed. Similarly, with neuroprostheses, few studies explored this kind of exercise without image processing. However, even for the Yu's study [START_REF] Yu | PalmSight: an assistive technology helping the blind to locate and grasp objects[END_REF] or the Hanneton's study [START_REF] Sylvain Hanneton | The Vibe: a versatile vision-to-audition sensory substitution device[END_REF], subjects had no difficulty in performing the task considering the experimental environment.

locomotion task

A locomotion task generally consists of avoiding obstacles rather than following a predetermined line. However, at the level of maturation of our system, we are only capable of conveying variations in contrast. Without depth information or image processing, detecting and avoiding obstacles could only be realized in a controlled space. In our experiment, the obstacles were generated by hiding a portion of the luminous path. Actual prostheses work similarly; that is why Humayun [START_REF] Mark S Humayun | Interim results from the international trial of Second Sight's visual prosthesis[END_REF] realized similar tasks with a success rate of 82%, relatively close to our 77% of success rate. For sensory substitution devices realizing locomotion tasks, it is quite hard to determine a precise success rate value. In our case touching the obstacle counts as a negative result. However, in real condition, people have to touch the obstacle with their white cane to go around it. Sensory substitution studies rather preferred to evaluate the locomotion duration to realize the same task compared to other modalities. For instance, a Lee's study [START_REF] Hoon | RGB-D camera based wearable navigation system for the visually impaired[END_REF] shows that people are able to move almost as fast as someone already knowing the place, showing that this kind of device can be really useful for totally new environments. In our locomotion task, the time of completion was reduced between session 1 and 2. This is undoubtedly linked to the fact that subjects performed better and reached the task level where they need to avoid an obstacle. This last task requires more focus to avoid a collision, leading to a longer duration. Even if this task is in a controlled environment, it is useful to observe the subjects moving in space with this device. It gives valuable information about how people use the device in this kind of environment. Feedback from subjects will help to improve the device for a better acceptability. The next step to improve this exercise will be to add a processing layer of the visual information in order to convey richer details of the environment.

conclusion

Regarding the results of our clinical trial, such a system can help to realize visual tasks. In our protocol, when the subjects reach the next level of difficulty, it means that there is 95% of chance that the success of a task is linked to their performance rather than luck. Thus, 77% of the subjects can follow a path, 66% can feel the spacing between objects, 86% can identify movements and 60% can search for a target in every lighting conditions. Concerning the shape identification test, it is difficult to conclude about its success because only 46% of the subjects succeeded in this task. One way to overcome this difficulty would be to use real objects to allow the subjects to interact with them. It may help to discern the size of the latter. A second option is to use a pattern recognition program to draw more accurate shapes on their body. Pre-tests performed in the laboratory suggest that with this method and with very little training, subjects can discern forms or letters quickly enough. Similarly, only 46% can detect obstacles with the device without particular data processing. Pre-processing information could lead to better results in order to help the subjects to locate dangerous elements. For example, in our exercise, the subjects could spend a long time to find the difference between the presence of an obstacle and a turn in the path. Making exercises harder was appreciated by the subjects because of its playful aspect. However, the gap between the difficulties is sometimes too important, causing great fatigue and weariness to the less successful profiles. Finally, the breaks imposed in the context of the study could sometimes be a source of disturbance as their duration was not always adapted to the subject weariness. Including optional breaks at regular intervals would be an excellent idea to adapt to the pace of concentration of each subject. Concerning the ergonomics of the system, there are still improvements to make. The stimulation of the skin on the back is generally accepted by subjects and the fact of being able to feel its environment is attractive, but the system is still too heavy and the camera too cumbersome. With the help of technological advances, we know that these last two points can be easily addressed. The camera has already been integrated into a pair of glasses for our other projects, and the electronic system could be reduced to the size of a credit card with more development. Finally, the subjects showed interest in improving such a system that can help them to avoid the obstacles they cannot perceive with the electronic cane during locomotion tasks. The next step in the development of the device may be to include an algorithm that can detect obstacles and signal them to the users.

The next chapter presents the conclusions about our different studies and the potential future of our device.

The OptoTouch project leads to make an asynchronous neuromorphic tactile belt working at the millisecond scale, using the high temporal resolution of a silicon retina. Its performance is evaluated through psychophysical and clinical trials. Main difficulties of this project were to create an inexpensive, easy to make and comfortable device. This research went through several months of prototyping in order to find the best compromise and properly convey tactile information. In this last section, we are going to discuss questions raised in the chapter 1. We will then emphasis on the future of this device from a technical and a practical perspective.

conclusion

The implementation of a complete neuromorphic device to process visual information

Using an asynchronous neuromorphic camera implies several constraints when displaying information. Indeed, event processing only generates and displays information when a change occurs. Thus, no redundant information is generated, meaning less power consumption and bandwidth reduction. To our knowledge, there is no device displaying tactile information asynchronously at this temporal resolution, leading to a completely new device as presented in chapter 3. Similarly, all the processing unit are clocked to process flow of information and future generation of asynchronous processors are not mature enough and cannot be used in our device. That is why we decided to use an FPGA which allows us to build an event based processing with a neuromorphic architecture. In this configuration, in the worst case scenario and with our spatial resolution of 16 by 30 motors, we are able to switch on and off all the vibromotors asynchronously and independently within the millisecond. It is also possible to argue that our device is not made to evaluate the spatiotemporal resolution of the skin. Indeed, the tactile sensation is highly related to the contact quality between the skin and the actuator. In the OptoTouch project, due to the high resolution of our device, the quality of each contact is unknown. This is partially due to a technical consideration, we only have one prototype, it cannot fit perfectly into every morphology.

Overcoming limitation of neuroprosthesis

The main cons of neuroprosthesis are their price, their invasiveness and their spatial and temporal lack to conform to the visual pathway. This leads to an error in conveying information. According to Beyeler [START_REF] Beyeler | Learning to see again: Biological constraints on cortical plasticity and the implications for sight restoration technologies[END_REF], it is doable in certain cases to compare neuroprostheses to sensory substitution devices. Indeed, it is highly complex to convey information the same way an eye does, that is why patients need to learn how to deal with these new stimuli. Then, brain reorganization with a neuroprosthesis is quite similar to the brain plasticity process which happens with sensory substitution devices. We make the assumption that working with a device such as the one proposed in the OptoTouch project will help in understanding the process of learning with a new modality. It may increases acceptability of future neuroprosthesis device. Our device allows realizing tasks such as detecting movement, following a path or identifying a shape. Performances on these tasks are similar to current neuroprosthesis performances. The tests on the grating and the localization of targets that we carried out differ from neuroprosthetic protocol, making the comparisons irrelevant. Finally, looking at the state of the art of sensory substitution devices, scientists were able to realize far more complex visual task by creating device aiming to solve one particular task. Our device is able to realize a lot of different visual tasks without any particular visual processing. An interesting perspective would be to sum up all the solutions used in previous sensory substitution devices and to implement these solutions in our device with neuromorphic processing and to compare results.

Techniques to improve sensory substitution device

The various studies and experiments carried out in this project have shown that it is possible to create a sensory substitution device using the silicon retina. Taking into account advice from previous studies [START_REF] Dakopoulos | Wearable obstacle avoidance electronic travel aids for blind: a survey[END_REF][START_REF] Maidenbaum | Sensory substitution: closing the gap between basic research and widespread practical visual rehabilitation[END_REF], the Optotouch project dealt with the endeavor of developing a full prototype in-house. The next paragraph presents OptoTouch results to comply advice on making viable sensory substitution device.

As a belt, the device is easy to wear. It is also easy to use because it just requires to switch it on to convey visual information taken by the camera to vibromotors. Feedback from clinical trials on chapter 5 give us advice to make a future version, focusing on ergonomic to target daily activities.

Noises produced by the camera were deleted thanks to a neuromorphic noise filter, avoiding involuntary vibromotors activation. However, no filter has been implemented in order to process a particular task. Each test of the clinical trial was made in order to make sure that no parasitic information could be conveyed to the user. Yet, subjects reported feeling the border of the screen during certain exercises, leading to possible confusion like counting unwanted bar in exercise 2.

Our device allows the user to have their hands free. This may allow us to pretest the system in real outdoor situations without deleting the white cane in future exercises. Specific training processes were part of the exercise protocol. Indeed, the difficulty level was increased only when a subject succeeded in the ongoing level. Thus, each subject can learn at his own rhythm. However, experimental conditions could be modified in a future experiment. For example, training sessions could last more than 10 minutes to make sure that subjects are confident before realizing tasks. We avoided as much as possible giving feedback to a subject, in order to prevent perceptual bias from happening. However, it led to subject exasperation on some tasks because they are never sure of their method, until reaching a new level of difficulty. For future tests, it would be interesting, regarding the shape determination task, to present real 3D objects and allow subjects to manipulate it. In this way, subjects might be able to rely on their tactile sensation and understand how the sensory substitution device processes the information. Finally, the spatiotemporal continuity of the environment has been taken into account thanks to downsizing and spatial concordance between visual and tactile information.

Making a sensory substitution device containing all the previous works on brain plasticity, learning and realizing visual tasks is challenging. This multidisciplinary approach implies mixing knowledge from the electronic, neuromorphic, psychophysical, neurophysiology and textile fields. Facing all those disciplines to create a device and making valuable experimental trials were the most challenging tasks I had to face in this thesis.

It was rewarding to develop a low power electronic device that can nevertheless manage the asynchronous event-driven input information and the event-based processing. The system has been designed to be scalable. Future versions of the OptoTouch device can be designed with a larger spatial resolution by using parts of the human body like the arms, legs or the buttock. However, the ergonomic aspect stays challenging when adding other tactile areas. Further research needs to be done to explore the ability to discriminate parallel tactile information and compare it to the same visual task. Finally, even if more studies need to be realized to go depth in understanding temporal precision importance to realize visual task with our device, this novel approach proved his importance. Indeed, this neuromorphic approach allows in record time to make a low cost, low power consumption, and daily usable device, without ignoring the temporal importance of a scene. It has been proven that according to the temporal functionality of the brain, avoiding temporal visual information will directly lead to loose of crucial information [START_REF] Akolkar | What can neuromorphic event-driven precise timing add to spikebased pattern recognition?[END_REF]. With the OptoTouch device, we lay the foundation of a new area of research by taking into account results from the fields of neuroprosthesis, sensory substitution, and neuromorphic engineering.

In the next section, we will explore future improvement and trials which need to be realized to improve ergonomics, learning, and acceptability of the device to help unsighted people to solve daily visual tasks.

6.2 future improvements:

Design and ergonomic

Subjects expressed interest in improvements of the system, explicitly targeting its ergonomics. Designing proper goggles instead of the headband is the easiest task to target because it has already been done on neuroprosthetics projects by our team The equipment used in the tactile belt could also be reduced with a dedicated board or an Application Specific Integrated Circuit. It will reduce the actual housing down to a credit card. The flexible PCB is a promising solution, but further improvements are required to be more resilient to frictions and deformations. We already tried to completely integrate the actuators in textile but the textile flexibility and the silicon rigidity are not compatible. Studies in the bioelectronic field could help to overcome this kind of problematic [START_REF] Bihar | Fully Printed Electrodes on Stretchable Textiles for Long-Term Electrophysiology[END_REF]. The last target on ergonomic aspect is the adaptability to different morphology. With a one size system, the device cannot fit everyone. Thus, the next implementation needs to focus on making different size devices or, even better, tailored clothing. This last custom solution has the disadvantage to increase the price of the device. Suggesting new ways of creating a device, by taking advantage of geographic facilities such as Fablab could allow making a custom device at a lower price by letting the disabled person master of his system.

The spatial resolution of the actuators matrix can still be increased by reaching other areas of the human body. There are two solutions to improve the spatial resolution of the system. The first one is using a funneling effect to create sensations on several points between the vibromotors by modulating the vibration of two nearby actuators. Other tactile illusions as explained in [START_REF] Hoffmann | Introducing a New Haptic Illusion to Increase the Perceived Resolution of Tactile Displays[END_REF] could also lead to new ways of stimulating the skin. Those solutions are attractive but may face the limited temporal resolution of the skin. If two different information are spatially and temporally close, then the data will be lost by eliciting a unique sensation. A second solution might be to use additional parts of the human skin, such as the arm or legs and scaling up to a higher number of actuators. The system has been designed to cope for larger scales of routing events inside the matrix, therefore, improving the spatial resolution will not increase the power consumption of the device. In theory, this system is supposed to take advantage of asynchronous events to reduce energy consumption while increasing the resolution. However, due to technical constraints, the actual system partially reduces power consumption. Indeed, the use of a microcomputer depends on the technology used to retrieve information from the artificial retina. By changing the technology, the algorithms presented in part 3.2.5 could be easily implemented within an FPGA and thus reduce the consumption of the processing part.

Finally, looking at the consumption graph of the device, we can observe that it is the vibromotors that burn most of the energy. The use of more advanced actuators such a microelectromechanical system or bioelectronics seems to be a good solution for future developments [START_REF] Baskaran | Sensors and haptics technologies for user interface design in wearables[END_REF][START_REF] Bihar | Fully Printed Electrodes on Stretchable Textiles for Long-Term Electrophysiology[END_REF].

Data processing

We have intentionally limited the processing of visual information to a basic space-time downsampling algorithm coupled with a refractory period to control vibromotors. This choice allows the device to tap the information captured by the artificial retina directly into the tactile modality. This algorithm seems to be sufficient to perform most of the tasks subjects were asked to do in the controlled environment. When considering more complex tasks, it is perhaps expected that we might need to evolve it.

Regarding the improvements of the visual processing and the sensory integration of the subjects, it would be relevant to study the following points:

• Allow the user to change the operating mode of the system to his needs.

• Based on the funneling effect in order to improve the perceived resolution of the sensory substitution device.

• Use a different area of sensitivity and perhaps use saltation or foveation techniques.

Providing deepness hints also seems to be critical. Indeed, without this information, it is impossible to know the distance to an obstacle. Thus, a distant information in our actual device could lead to parasitic information, avoiding subjects to perform the tasks. However, adding a 3D representation will also lead to more complex training to adapt the device to each possible situations.

Neural and cognitive analysis

An underlying question of the OptoTouch project is to determine if asynchronously stimulating the skin at the temporal resolution of 1 millisecond may improve performances and acceptability of this kind of device. This question has been partially explored during this study but failed to show the interest of such a temporal resolution, contrary to what Mackevicius explored [START_REF] Mackevicius | Millisecond precision spike timing shapes tactile perception[END_REF]. To further study this problematic, we suggest working with the same device by wearing a conventional camera (functioning at 60Hz) or a neuromorphic camera to see if tasks with silicon retina statistically improve results and acceptability with subjects. Moreover, because we know that people tend to improve their sensibility with time, this study needs to run on the long term to see if asynchronous stimulus at 1 millisecond can also improve human abilities.

Another possible evolution is to continue increasing the spatial resolution of the system. However, studies have shown that it is difficult to maintain attention on several parallel information. This observation tells us why most people keep the spatial resolution of sensory substitution device low. To our knowledge, no study has shown the real limit of increasing spatial resolution after a long period of training. We recommend making more observation toward this direction.

Studying the impact of the system on the cerebral reorganization on the long-term may be interesting. Indeed, it has been shown that thanks to sensory substitution, with long-term training, new brain areas are stimulated. It may be interesting to check the brain activity of our subjects by presenting asynchronous millisecond stimulus and to compare this result with a standard stimulus. It is possible that reaching the temporal resolution of the brain does not change people's accuracy but will impact the brain reaction. Moreover, subject's feedback about exhaustion and improvement on performing tasks are crucial elements to study learning. However, this observation cannot be generalized to all subjects. It is only possible to speak about short effect learning, similarly to what happens in an Auvray's study [START_REF] Auvray | Learning to perceive with a visuo-auditory substitution system: localisation and object recognition with 'The Voice[END_REF].

A final question is to know if such a sensory substitution device could benefit children. Would it allow a specific organization of the neural pathway, identical to observation on animals [START_REF] Rauschecker | Compensatory plasticity and sensory substitution in the cerebral cortex[END_REF]? A study showed that this topic has been left aside and gives us solutions on that aspect [START_REF] Gori | Devices for visually impaired people: High technological devices with low user acceptance and no adaptability for children[END_REF].

Applications

For the moment, our device is only able to solve visual tasks in a very controlled environment. We previously presented possible improvements to solve daily visual tasks such as locomotion, obstacle avoidance, and shape identification. But visual tasks are quite challenging and rely on millennia of the evolution of the eye and it would undoubtedly require several more years in bio-mimetic researches to reach functional purposes. However, our device could to some extent be used in others fields of application.

It would be reasonably easy to use the same tactile belt to substitute for other senses. As an example, limb prostheses are now functional but lack sensory feedback that would allow suppressing involuntary movements [START_REF] Krueger | Supplemental vibrotactile feedback control of stabilization and reaching actions of the arm using limb state and position error encodings[END_REF][START_REF] Shokur | Assimilation of virtual legs and perception of floor texture by complete paraplegic patients receiving artificial tactile feedback[END_REF].

The neuromorphic tactile device could also be of interest in the field of sensory augmentation, where new information could be conveyed. We could easily use the device to provide haptic feedback on top of visual inputs. Similarly, virtual reality could benefit from this technology to improve the immersion. * * * * * * The OptoTouch project, by designing, building and evaluating a neuromorphic sensory substitution device in three and half a year, was quite a challenging project. Years of development are required to make the device more ergonomic, to create task focused algorithms and to propose a personalized reeducation training. Solving this three issues may improve sensory substitution devices to fit the personal need of each user. A collaborative work between scientists, physicians, therapists, and patients is essential to create a long-term viable project to improve the daily life of disabled people.

Finally, by proposing a robust device and by opening its usage to other research facilities, it may help to speed up the development phases and to improve our human brain knowledge. 

  vi P U B L I C AT I O N S Patent: Brevet FR 3 060 297 -A1 : Système de substitution sensorielle par stimulation tactile asynchrone. Unplublished: OptoTouch : A Neuromorphic High Temporal Resolution Haptic Electronic Vision Belt. Preliminary Tests to explore Speed and Direction Discrimination.
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Figure 1 :

 1 Figure 1: Picture of a baby crocodile https://pixabay.com/photo-590368/

Figure 2 :

 2 Figure 2: Picture of the principle of visual electrode on the human eye. The different layers composing the human eye are also presented. From: https://fr.m.wikipedia.org/wiki/

Figure 3 :

 3 Figure 3: Picture of the different mecanoreceptors present in the human skin. A: Free nerve ending, B: Pacini Corpuscule, C: Merkel Corpuscule, D: Ruffini Corpuscule. From: https://commons.wikimedia.org/ wiki/File:Structure _ of _ sensory _ system _ (4 _ models) _ E.PNG

  • A-Alpha which go at speeds from 80 to 120 m/s with a diameter of 13-20 um • A-Beta which go at speeds from 35 to 75 m/s with a diameter of 6-12 um • A-d which go at speeds from 5 to 30 m/s with a diameter of 1-5 um • C which goes at speeds of 0,5-2 m/s with a diameter of 0.2-1.5 um Mechanoreceptors of the skin are included in the A-Beta class. This class splits into three categories: the slow class 1 innervating Merkel disks, the slow class 2 innervating Ruffini Corpuscules and the fast fibers innervating Meissner and Pacini corpuscules. Globally, rapid receptors are five times more numerous.

Figure 4 :

 4 Figure 4: Picture of the different Homunculus parts, representing the importance of the different skin areas and their projection on the human cortex. From: https://fr.m.wikipedia.org/wiki/Fichier:

Figure 5 :

 5 Figure 5: ATIS retina, fixed with an headset on top of a subject.

Figure 6 :

 6 Figure 6: Functional diagram of an ATIS pixel. The camera is able to generate two types of events, changes and brightness information. Each information is asynchronously process and transited individually by each pixel.

Figure 7 :

 7 Figure 7: Schematic aiming to represent the importance of the precise relative time. If information (represented by turtles) are captured by two different biological sensors with a millisecond difference, independently of the pathway length, however slow is the carrier, the precise relative time is preserved when reaching the brain.

Figure 8 :

 8 Figure 8: Evolution of the different version of the device from version two to version four.

Figure 9 :

 9 Figure 9: Schematics explaining the timing processing of the different motors. SOA stands for Stimulus Onset Asynchrony, the delay between the activation of one motor and the activation of the next, and BD, the Burst Duration, which is the duration a vibromotor stays active.

Table 2 :Figure 10 :

 210 Figure 10: Oscillation frequency of the acceleration of a vibromotor on different part of the body. A drop in the value correspond to a detachment of the vibromotor, stopping measurement.

Figure 11 :

 11 Figure 11: The graph represents the data flow of the second version of the device.

Figure 12 :

 12 Figure 12: Presentation of the different parts on the device, mounted on top of a subject.

Figure 13 : 5 Figure 14 :

 13514 Figure13: Field of vision of the camera with the optic (dashed) and field of vision of the device after the processing of the events (in red). This field of view is projected on the back of subjects. In blue, in front of the subject, is represented the screen used in the experiment of part. 5

Figure 15 :

 15 Figure 15: The different parts of the device, from the silicon retina to the matrix of vibromotors.

Figure 16 :

 16 Figure 16: This schematic represents the device used in the experiment. Stimulations varied between 5 positions: two on each side with eccentricities of 4 cm (L1 and R1) and 8 cm (L2 and R2) symmetrically from the vertical back meridian, and one centered on the spine (C). The rectangles represent the areas of tactile stimulation for the purpose of this experiment

Figure 17 :

 17 Figure 17: Results of experiment 1. Direction discrimination performance as a function of SOA for the first (A) and fifth (B) session for one subject. Negative SOAs represent stimuli moving leftward, positive values stimuli moving rightward. Zero corresponds to the ambiguous stimulus where the three vibromotors are simultaneously stimulated. Each dot represents the responses averaged across repetitions for every SOA. Solid curves describe the population's median after the bootstrap for the subject. The zone between dashed lines represents the 99% confidence interval for the sigmoid fit. The SOA corresponding to the point of subjective equality (PSE) is also shown.

  (a) Mean rate of correct responses across participants as a function of sessions. (b) SOAs corresponding to 85% of correct responses across participants as a function of sessions.

Figure 18 :

 18 Figure 18: Evolution of training through different results. The dots represent the results of each subject. 99% of confidence interval is represented by dashes.

Figure 19 :

 19 Figure 19: Mean left/right bias for the session 1 to 5 for each subject at 50% of correct responses. 99% confidence intervals are represented by dashes. Small confidence intervals indicate stable biases.

Figure 20 :

 20 Figure 20: (A). Effects of stimulus position on performance for session 1 to 5. The horizontal red line indicates the response rate averaged across participants. (B). Effects of stimulus position on performance on the proportion of right responses. 99% confidence intervals are plotted on top of every bar. The value 1 represents responses to the right and 0 represents responses to the left. The chance level (0.5) is represented by a horizontal line.

Figure 21 :

 21 Figure 21: Impact of the motion's direction and position on mean success rate across participants for sessions 1 to 5. Centripetal denotes a movement toward the spinal cord and centrifugal a movement away from the spinal cord. Other represents stimuli crossing the spinal cord. 99% confidence interval is plotted on top of each bar.

  [81.0-82,9] and Centrifugal = 80.5%, 99% CIs[79.5-81.5]. Moreover, movements on the spinal cord remain weak but consistent with position results shown in Fig.20. Subjects answer equally left or right for the two stimuli.

  (a) Mean rate of correct responses as a function of sessions(black line) (b) Evolution of SOAs corresponding to 85% of correct responses across participants as a function of sessions.

Figure 22 :

 22 Figure 22: Evolution of learning through the sessions. Dashes represent confidence intervals at 99%. The first blue vertical dotted line represents the one month break, and the second one represents the session with SOAs corrected according to each bias.

Figure 23 :

 23 Figure 23: Mean differences of biases computed between session 3,4,5 and 6,7,8 for each subject. 99% confidence intervals are represented by dashes.

Figure 24 :

 24 Figure 24: (Left) The Homelab apartement provide a monitored residential environement. (Right) The artificial street is a indoor infrastructure used to simulate outdoor and indoor immersive urban environment.

  (a) Stimuli of exercise 1. The circle can move on eight directions in space, according to the level reached, as shown with orange arrows. (b) Stimuli of exercice 2. The spacing beetween bars can reduce for level four, represented with the green arrow. (c) Stimuli of exercice 3. The size of shape can reduce for level four, reprensented with the green arrow.

Figure 25 :

 25 Figure 25: Set of stimuli visible on a screen for exercise 1 to 3.

Table 5 :conditions for exercise 4 to 5 Exercise 4 :Material

 554 Experimental Location of a target 5Light sources are used at several locations as seen on figure 27a. A total of eight sources are present.

Stimuli

  The subject is put into guide technique on the starting point of the trajectory to follow. Subjects need to follow the illuminating path on the floor. This path can change according to the difficulty. No clue is given to the subject about the length and size of lines. If the subject walks far from the line, he is no replaced.Difficulty 0 (familiarization)Free test with a luminosity of 0% and 10 % Free test with straight and right-angle line, Location and number of positions are available on Figure27aand 28a, pictures on on Figure 27b and 28b 1m Screen Field of Vision (a) Schematic of the setup for exercise 1 to 3 (b) Picture of a scene from the Homelab

Figure 26 :

 26 Figure 26: Information and picture of setup for exercise 1 to 3

  Schematic of the setup for exercise 4 (b) Picture of a scene from the homelab during exercice 4

Figure 27 :

 27 Figure 27: Information and picture of the setup for exercise 4

  Schematic of the setup for exercise 5 (b) Picture of a scene from the homelab during exercise 5

Figure 28 :

 28 Figure 28: Information and picture of the setup for exercise 5

  , subjects globally require more than 10 minutes of training to get accustomed with exercise three and five at the first session. The one-way ANOVA test, applied on the training timing between session 1 and 2, shows that subjects are statistically faster during training for exercise 1 (p = 0.011, F(1,13)= 7.50), 2 (p = 0.004, F(1,13)= 9.50), 3 (p « 0.001, F(1,13)= 30.25) and 4 (p = 0.012, F(1,13)= 7.2).

Figure 29 :

 29 Figure 29: Mean duration of training for each exercise and session. 95% confident intervals are represented by dashes.

Figure 30 :

 30 Figure 30: Mean number of subject to have reached a new level for an exercises between session 1 and 2. 95% confident intervals are represented by dashes.

Figure 31 :

 31 Figure 31: Variation of the success rate between session one and two. 95% confident intervals are represented by dashes.

Figure 32 :

 32 Figure 32: Variation in stimulus response time between session 2 and 1. 95% confident intervals are represented by dashes.

Figure 33 :

 33 Figure 33: Answer rate depending on responses and stimuli for all subjects in exercise 1 level 1 (left) and level 2 (right)

Figure 34 :

 34 Figure 34: Answer rate depending on responses and stimuli for all subjects in Exercise 1 Level 3

Figure 35 :

 35 Figure 35: Answer rate depending on responses and stimuli for all subjects in Exercise 1 Level 5

Figure 36 :

 36 Figure 36: Answer rate depending on responses and stimuli for all subjects in Exercise 2 Level 1(a), 2(b) and 3(c)

Figure 37 :Figure 38 :Figure 39 :

 373839 Figure 37: Answer rate depending of responses and stimuli for all subjects in Exercise 2 Level 4

Figure 40 :

 40 Figure 40: Answer rate depending on responses and stimuli for all subjects in Exercise 4

Figure 41 :Figure 42 : 5 . 3 . 9

 4142539 Figure 41: Answer rate depending on responses and stimuli for all subjects in Exercise 5 Level 1(a) and 2(b)

Figure 43 :

 43 Figure 43: Average level of difficulty perceived by the subjects for the different exercises. 95% confident intervals are represented by dashes.

Figure 44 :

 44 Figure 44: Average level of clarity perceived by the subjects for the different exercises.95% confident intervals are represented by dashes.

Figure 45 :

 45 Figure 45: Average level of fatigue generated by the exercises on the subjects.95% confident intervals are represented by dashes.

Figure 46 :

 46 Figure 46: State of the different vibromotors after this study, in green the functional and in red the nonfunctional.
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Table 1 :

 1 Comparison between the brain and a computer for information processing.

	Properties	Computer	Human Brain
	Number of Basic Units	Up to 10 billion transistors	100 billion neurons; 100 trillion synapses
	Speed of Basic Operation	10 billions/sec	1000 / sec
	Precision	1 i, 4.2 billion (32 bit processor)	1 in 100
	Power Consumption	100 watts	10 watts
	Information Processing Mode	Mostly serial	Serial and massively parallel
	Input/Output for Each Unit	1-3	1000
	Signaling Mode	Digital	Digital and analog

Table 3 : Consumption of the device along several conditions

 3 

		Vibromotors	Microcomputer
	Idle	134 mA	273 mA
	Bootup	134 mA	Spike at 717 mA
	Test stimuli	Spike at 500 mA	Square Wave of
			564 mA for 5s
	Camera working without visual	134 mA	755 mA
	flow		
	Camera working with visual flow	5A max (on	755 mA (slight
		battery)	variation)
	Camera working with visual and	0 mA	655 mA
	vibromotors turn off		
	Operating time when idle	116 h	19 h
	Operating time with huge visual	3,12 h	6 h
	activity		
	Operating time with normal	31,2 h	6 h
	activity		

Table 4 : Experimental conditions for exercise 1 to 3

 4 

	Exercice	1: Detection of the movement	2: Discrimination of the bars	3: Discrimination of a
		of a circle:	number.	specific pattern
	Location		HomeLab	
	Total	30(15) minutes	20(10) minutes	30(15) minutes
	Duration(delay			
	before a break)			

Table 6 :

 6 Number of people who reach a specific level for each exercise and session

		Lvl1 Lvl2 Lvl3 Lvl4 Lvl5
	Ex1S1	15	15	13	12	6
	Ex1S2	15	14	14	13	12
	Ex2S1	15	12	8	8	0
	Ex2S2	15	14	13	10	2
	Ex3S1	15	3	1	1	0
	Ex3S2	15	8	6	2	0
	Ex4S1	15	13	13	12	9
	Ex4S2	13	12	12	12	9
	Ex5S1	15	15	11	3	1
	Ex5S2	13	13	10	6	4

  6.1.2 Reaching an inter-actuator activation at the millisecond scaleOne of the main problems of this project was to be able to stimulate the skin at a temporal resolution of one millisecond. Chapter 4 tried to evaluate this effect by modifying the SOA parameters to reach a value of one millisecond. However, results do not allow to show if subjects are able to detect SOA of one millisecond, but are able to detect changes with 85% efficiency for SOA above 110.3 ms. This result is coherent to previously observed behavior in the literature. Due to the long duration of this test, the same experiment performed in chapter 4 were realized, but with SOA of 0,1,10,20 and 70 ms through 2 sessions. In this simple test, a result is valid if the luck value (50%) is outside the confidence interval. Among the 11 people tested, 10 succeed to identify the direction of an SOA of 70 ms, 6 for 20 ms, 3 for 10 ms and 0 for 1 ms. This short test indicates that detecting millisecond changes for a human without training is far from being easy. It may require longer experiments to see if people are able to detect on the back this temporal resolution.

Table 10 :

 10 exo 1 level 2 S2 0.92 [0.88;0.96] 110.02 [43.86;176.18] 4.8 [4.19;5.4] 14 exo 1 level 3 S1 0.72 [0.65;0.8] 124.71 [71.37;178.04] 6.71 [5.09;8.33] 13 exo 1 level 3 S2 0.75 [0.68;0.82] 102.46 [54.73;150.19] 5.26 [4.54;5.98] 14 exo 1 level 4 S1 0.72 [0.64;0.79] 251.76 [195.19;308.34] 5.86 [5.09;6.62] 12 exo 1 level 4 S2 0.74 [0.66;0.81] 246.12 [161.56;330.69] 4.95 [4.3;5.6] 13 exo 1 level 5 S1 0.53 [0.43;0.64] 241.47 [142.74;340.2] 6.52 [5.15;7.88] 6 exo 1 level 5 S2 0.34 [0.23;0.45] 340.49 [239.46;441.51] 6.3 [5.52;7.07] 12 Results for all subjects on exercice 2 S1 0.89 [0.82;0.97] 168.02 [119.33;216.71] 14.67 [10.72;18.62] 12 exo level 2 S2 0.91 [0.86;0.96] 230.52 [147.83;313.22] 11.81 [9.51;14.12] 14 S2 0.92 [0.87;0.98] 104.67 [81.56;127.78] 11.69 [8.64;14.75] 13 exo level 4 S1 0.87 [0.83;0.92] 256.05 [172.94;339.15] 10.69 [8.56;12.82] 8

	Session	Answer rate (%) Time level (seconds) Answer Time (seconds)	Subject
					number to
					reach this
					level
	exo level 1 S1 0.93 [0.89;0.98]	175.21 [108.9;241.52]	12.3 [8.42;16.18]	15
	exo level 1 S2	0.94 [0.9;0.99]	188.99 [96.62;281.36]	10.94 [6.9;14.98]	15
	exo level 2 exo level 3 S1	0.96 [0.92;1.0]	85.51 [63.37;107.65]	9.5 [7.04;11.96]	8
	exo level 3 exo level 4 S2	0.8 [0.74;0.86]	317.1 [227.42;406.78]	11.72 [8.66;14.78]	10
	exo level 5 S1	0	0	0	0
	exo level 5 S2 0.68 [0.51;0.85]	103.21 [36.34;170.08]	8.3 [4.57;12.03]	2

Table 11 :

 11 Results for all subjects on exercice 3 [823.11;1067.89] 38.36 [24.88;51.84] 15 exo 3 level S2 0.77 [0.67;0.87] 852.93 [586.06;1119.81] 31.92 [21.42;42.43] 15 exo 3 level S1 0.56 [0.09;1.03] 234.55 [87.29;381.81] 61.04 [36.47;85.61] 3 exo 3 level S2 0.78 [0.65;0.91] 415.48 [282.76;548.21] 26.53 [13.78;39.29] 8 exo 3 level S1 0.89 [0.89;0.89] 331.34 [331.34;331.34] 36.82 [36.82;36.82] 1 exo 3 level S2 0.81 [0.67;0.95] 286.99 [202.59;371.38] 27.19 [18.27;36.11] 6 exo 3 level S1 1.0 [1.0;1.0] 29.61 [29.61;29.61] 29.61 [29.61;29.61] 1 exo 3 level S2 0.73 [0.49;0.97] 799.06 [571.88;1026.24] 24.74 [23.82;25.66] 2

	Session	Answer rate (%)	Time level (seconds)	Answer Time (seconds)	Subject
						number to
						reach this
						level
	exo 3 level S1 0.66 [0.59;0.72] 945.5 exo 3 level S1 0	0	0	0
	exo 3 level S2	0		0	0	0

Table 12 :

 12 Results for all subjects on exercice 4

	Session	Answer rate (%) Time level (seconds) Answer Time (seconds)	Subject
					number to
					reach this
					level
	exo 4 level S1 0.97 [0.92;1.02]	345.3 [238.61;451.99]	72.28 [38.18;106.38]	15
	exo 4 level S2 0.95 [0.88;1.02]	337.08 [164.6;509.56]	49.9 [38.59;61.21]	13
	exo 4 level S1 0.97 [0.93;1.01] 241.47 [200.66;282.29]	47.32 [39.98;54.65]	13
	exo 4 level S2	0.96 [0.9;1.01]	218.97 [163.53;274.42]	49.48 [36.49;62.47]	12
	exo 4 level S1	0.95 [0.91;1.0]	248.1 [205.36;290.84]	50.54 [41.88;59.19]	13
	exo 4 level S2 0.96 [0.92;1.01]	241.14 [193.1;289.18]	48.23 [38.62;57.84]	11
	exo 4 level S1	0.95 [0.9;1.0]	253.86 [205.05;302.67]	53.38 [40.97;65.8]	12
	exo 4 level S2 0.96 [0.91;1.01] 264.93 [209.47;320.39]	54.64 [39.43;69.85]	12

exo 4 level S1 0.91 [0.81;1.0] 194.33 [156.31;232.35] 64.89 [23.66;106.12] 9 exo 4 level S2 0.97 [0.92;1.03] 268.18 [180.12;356.23] 44.25 [39.21;49.29] 9
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