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Objective evaluation of spatial information acquisition using a visuo-tactile sensory substitution device Luca Brayda1 , Claudio Campus1, Ryad Chellali1, Guido Rodriguez2 2
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Abstract. This paper proposes a method to objectively assess the degree of sensory transfer in a visuo-tactile sensory substitution task. Using a special purpose single taxel-based device, users discover with tact some virtual objects of increasing geometrical complexity, while EEG signals are recorded. Successful reconstruction, as well as cognitive load and brain programming, are found to be associated with relative activation/deactivation of specific EEG bands, and to the users' exploration strategies, which allows us to objectively assess the perceived degree of complexity of the reconstruction task. Our metrics also provide an evaluation tool for the design of devices useful for the navigation of visually impaired people. Keywords: sensory substitution, neurophysiology, EEG, telerobotics
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1 Introduction The central problem of Tele-robotics is to provide effective tools allowing to humans to perform physical modifications of distant environments. In such a context, tele-robots have to capture users motor controls and translate it into remote robots commands. On the other hand, tele-robots acquire data through embedded sensors and build a remote environment description to be displayed to operators. This closed-loop control scheme is mainly supported by bilateral interfaces. These latter convey sensory-motor information between the two partners. Unfortunately, these interfaces are known to distort and to reduce information flows: the operator has a partial and incorrect knowledge concerning the remote world status. As well, all operator’s actions and motor intents are not fully taken into account. As a dual system, the telerobot is in fact inherently asymmetric because humans and robots belong to two different sensory-motor spaces. This situation can be easily extended to more generic contexts where humans interact with machines or through machines.



Fig. 1. The taxel-based device and the way tactile feedback is provided during exploration of a virtual object.



Our work is dealing with an extreme situation of sensory asymmetries, namely sensory substitution processes. Our aim is to understand how users integrate information normally dedicated to the sensory modality X if displayed to the sensory modality Y. These mismatches are current if one needs to convey radiation, temperature, pressure, levels of gas concentration, etc. Usually, the visual channel is the best candidate for this task. However, we need to estimate the cognitive cost of such transfer. One way to do it is to estimate indirectly the fatigue through performances. Every sensory transfer has a cognitive cost, often leading to mistakes, misunderstood mental representations and fatigue. Sensory substitution is mostly the only way to display feedbacks and remote world’s descriptions in mediated interactions. Nowadays, the evaluation of the effectiveness of such sensory transfer does not go beyond qualitative evaluation; psychophysics-based techniques offer a more quantitative way to measure subjectively users’ performances on the basis of chosen tasks. However, few techniques that go beyond users' subjective interpretation exist today. To overcome this methodological barrier, researches are today more and more active, possibly adopting a multidisciplinary approach, to handle the strong need of objective measurements. A quantitative assessment is at the same time a way to prove that a sensory substitution process has reached the goal, but also the validation tool for off-line analysis and improvement of new technological devices [1] [2]. This paper proposes methods to objectively assess the degree of sensory transfer in a visuo-tactile sensory substitution task, using a special purpose device, measuring signals which are linked to the degree of integration of spatial information and, indirectly, to the cognitive load. For this purpose, we consider parameters extracted from neurophysiological signal (EEG) as suitable candidates for such objective evaluation. In fact, the high time resolution of neurophysiological measures makes possible an on-line monitoring of the subject’s general conditions and particularly of the sensory and cognitive state due to the ongoing task. Our objective is threefold: first, to stimulate a tactile sensory feedback, possibly evolving in a learning process, related to the exploration of a 3D virtual environment through tactile navigation. Second, to objectively assess the



transfer of information from the sense of touch to a spatial representation of such environment. Third, to find a correlation between our objective measures and the degree of difficulty the user are experiencing with different kinds of virtual environments. We will show evidence that brain signals related to spatial exploration are measured when objects are being virtually touched. We will also show that these signals modulate differently depending on the kind and complexity of the virtual objects. The remainder of the paper is organized as follows: Section 2 summarizes the state of the art on the use of EEG-based measures; Section 3 describes our methodology and the experimental setup; results are detailed and commented in Section 4. Finally, Section 5 contains discussion and Section 6 concludes the paper.



2. State of the art The earliest sensory substitution devices converted visual stimuli to tactile representations for the blind and visually impaired [3][4]. Tactile-vision substitution systems (TVSS) were the earliest to be developed [5], in order to translate visual to spatial and temporal patterns of cutaneous information for blind people [6]. In a typical system, a camera receives visual information which is converted to a tactile representation on a two-dimensional pin array. Some of the earliest works in this area were the development of the Optacon, which converted printed letters to a spatially distributed vibrotactile representation on the fingertip, using a miniature handheld camera [7]. Although reading speeds were significantly slower than Braille, the Optacon allowed blind people to access any text or graphics without having to wait for it to be converted into Braille. Early pioneering work in TVSS was also performed by Paul Bach-y-rita [8] and colleagues in the late 1960s: tactile displays could potentially provide a discrete and portable means of accessing graphical information in an intuitive non-visual manner. Many advances have also been made due to the appropriation of tactile displays for telerobotics [9], [10], [11] and virtual reality, to represent physical contact with a remote or simulated environment guaranteeing a stronger tele-presence. However, many of these have been limited to engineering prototypes. To the best of our knowledge, none of them conquered a significant market share. According to us, this happened because too much attention was given to precisely acquiring the sensory modality X, while less effort was dedicated to verify how "well" the substitution process was successful through the modality Y. Previous studies [1][12][13][14][15][16] about substitution of vision with tact showed activity in visual cortex during tactile perception in sighted participants as well as in those who have experienced visual deprivation of varying duration. Dynamic changes in neuroimaging and spectral EEG were reported while processing visually/haptically presented spatial information [17][18][19][20][21][22][23]. One of the applications which allows to investigate the quantitative use of neurophysiological parameters for sensory substitution is the navigation [24] in virtual environments. By construction, such environments can provide controlled stimuli and are thus suitable to test the link between a given geometrical representation of space, even very simple, and the way it is learnt by the sole tactile feedback. We have already shown that this



is possible in [2], and we assessed the degree of complexity of navigation-related tasks such as discrimination, recognition and reconstruction of geometrically simple virtual objects. In this study we attempt to find a correlation between certain neurophysiological parameters and specific events of the learning process of a simple tactile-based navigation task. We seek to derive, from such correlation, inferences about how far the device and its interface have carried out sensory substitution.



3. Methodology and Experimental Setup Our experimental setup is aimed at measuring brain activity while performing the exploration of a 3D virtual environment with a single taxel-based mouse-shaped device. Such device (Fig. 1) provides the third dimension (the height) of virtual objects, while the first two dimensions (length and width of such objects) are given by the device position on a flat surface [2]. In practice, the exploration through this device approximates what happens when one single finger is exploring the physical profile of an object, where the higher the finger is lifting, and the higher the touched object will be. A user is then put in the condition to integrate tactile feedback together with proprioceptive feedback forming a cognitive space map. The virtual objects the users are asked to interact with are depicted in Fig. 2: each environment is a stairshaped object, resembling a ziggurat, and their complexity is determined by the number of steps to explore and learn.



Fig. 2. The three virtual objects sensed through the device



Five subjects participated to the experiment, 3M and 2F, aged 29±5Y,. The following protocol was applied: • •



The subjects sustained a complete neurological/neuropsychological examination. The subjects’ EEG signals were blindfolded and monitored in the following five phases: 1. Pure resting state, followed by a visual stimulation (both with open and closed eyes). 2. Pure motor task: subjects freely moved the device on a tablet, without getting tactile feedback. 3. Exploration: subjects explored three more and more complex, virtual environments. The environments were automatically changed after ten



4. 5. •



trials (exploration/rest paced by two sounds start/stop). A pure resting state was induced between consecutive exploration trials. Pure motor task Pure resting state.



At the end of the whole experiment, subjects were unfolded and asked to depict and assign a difficulty’s coefficient to each explored environment.



For what concerns signal acquiring and processing, monopolar EEG was recorded with Ag/AgCl cup electrodes at 14 active scalp sites according to the international 10/20 system. Electrooculogram (EOG), electrocardiogram (EKG) and electromyogram (EMG) were also acquired. Data were sampled at 1024 Hz. Also the experimental video and the coordinates perceived by the subject (x, y and height of the virtual objects) from the device were recorded to study possible behavioralneurophysiological relations. Ocular, cardiac and muscular artifacts were removed using independent component analysis (ICA). EEG was filtered (0.5-50 Hz pass band) and post-processed using averaging and spectral/wavelet analysis to analyze the spatial/time evolution of the EEG usual bands and the other measures around the start/stop sound. We also applied some linear synchronization measures and ICA. Matlab and EEGLab [26] [27] were used for the elaboration.



4. Results The resting brain signals, according to literature, showed a wide presence of alpha (8-12 Hz) band with a particular concentration in the occipital region. For both the pure motor and exploration phases, we studied the evolution of the power corresponding to some known EEG bands around the event given by the sound starting the motion of the device. In particular, for each subject and each phase of the experiment (i.e. phases 2-4), we obtained from the raw EEG signal the independent components using Independent Component Analysis (ICA), which is widely used to reconstruct the localization (i.e. the spatial distribution) and the evolution (usually the time-frequency distribution) of the processes and sources generating the EEG signal. Then, the components of the subjects were clustered using a K-means algorithm to get a global result (mean topographical distribution and mean time frequency distribution of the clustered components from different subjects) for the whole studied group regarding each single phase of the experiment. For the two motor sessions, Fig. 3 shows in the left panel the topographical distribution of each single component contributing to the cluster (smaller heads), and the mean spatial distribution of the cluster (bigger head), as well as their timefrequency (right panel) distributions. The deactivation, or Event-Related Desynchronization (ERD) of the alpha (8-12Hz) and the beta (16-32Hz) band after the start sound (in blue) are an expected result: in fact, they are linked to the introduction of an external-related task, which is the movement of the arm of the user following the start sound. This complies with previous literature.



Fig. 4, instead, shows the same signal analysis applied to the exploration and tactile discovery of the 1-step ziggurat. In the frontal cluster, an evident Event-Related Synchronization (ERS) of the theta (4-8 Hz) band (in red and yellow) can be seen: in literature, this fact has been related to spatial processing and memory activation used to build a mental imagine of real or virtual objects. In the case of the second exploration session of phase 3 (2 steps), as depicted in Fig. 5, two clusters were individuated. The most relevant is the frontal, which shows a ERS not only in the theta, but also in sigma (12-16Hz) bands and a ERD, in the alpha and beta bands: this can be related to the augmented effort in discovering the internal details and it is a sign of cognitive effort. Finally, the case of the most complex environment (4 steps), is represented in Fig. 6. The fronto-central location with an ERS in theta and sigma, but this time also in the gamma (32-50 Hz) bands and an ERD similar to the 1-step and 2-steps cases. The gamma band is related to cognitive efforts. Interestingly, the gamma activation was absent in the unique subject who was able to perfectly recognize the four-steps ziggurat, while in some other subjects the same activation even preceded the sound starting the explorations. We summarize the detected variations in the EEG bands, just after the starting sound, in Table 1: clearly, as the virtual object is more complex, more EEG bands and more high frequency signals are activated, all by increasing the effort needed to reconstruct the virtual object. These neurophysiological variations seem to have a certain relationship with the type of strategy of exploration as will discuss in the next section.



Fig. 3. Pure motor session. Topographical (left panel) and time-frequency (right panel) distributions of clustered components. Two clusters are found, both showing a general EEG deactivation, especially in the alpha and beta bands after the start of the exploration (t≥0).



Fig. 4. One step exploration session. Two clusters are found. One mainly frontal shows an ERS in the theta EEG band and a ERD in the alpha and beta bands for t≥0.



Fig. 5. Two steps exploration session. The frontal cluster shows a ERS not only in the theta, but also in sigma bands and a ERD in the alpha and beta bands, similar to the 1-step case.



Fig. 6. Four steps exploration session. The fronto-central cluster shows a ERS in the theta, sigma this time also in the gamma bands and an ERD similar to the 1-step and 2-steps cases.



Table 1. Summary of EEG-based measures, for increasing complexity of the virtual environment. ERSFC is the event related synchronization at the fronto-central location. Clearly the progressive synchronization of theta, sigma and gamma bands is related the progressive increased complexity.



t>0 γ [32-50 Hz] β [16-32 Hz] σ [12-16 Hz] α [8-12 Hz] θ [4-8 Hz]



Motor ERD ERD -



1 Step ERD ERD ERSFC



2 Steps ERD ERSFC ERD ERSFC



4 Steps ERSFC ERD ERSFC ERD ERSFC



5 Discussion The aim of our work is to identify possible brain reaction during the employment of a new technological device which can give a tactile representation of a virtual environment. We also acquired a baseline situation at rest and a pure motor task in which nothing else was requested than freely moving the device without spatial-related tactile stimulation. Such situation significantly differs from the signals recorded during the exploration of the three virtual objects, clearly showing that looking at EEG timefrequency components is consistent for tactile-based spatial reconstruction tasks. The reconstructing of the 3D shape of the first object was successful for all the subjects. Thus, the slower EEG bands are well associated with the spatial processing. The situation radically changed in the case of a two steps structure. All the subjects understood that they had explored a centered symmetrical object, and were able to delimitate its bounds. However, only two subjects correctly reconstructed the internal



structure. Observed mistakes were an unconscious smoothing and interpolation of the steps giving an appearance of a continuous conic pyramid. Subjects also reported in this case a strong increase in difficulty. This copes with our findings, where faster EEG bands, related to the reconstruction efforts, are captured together with the slow ones, related to spatial processing. Finally, the most complex situation presented a dramatically greater difficulty as reported by four of the subjects. Only one was able to correctly identify all the structure. Four subjects felt great surprise when, after the experiment, a small plastic model of the four steps ziggurat was shown. Correspondingly with this complexity and difficulty, the even faster EEG band (gamma) were found together with the theta and sigma. Some important process are related to this band, in particular the brain programming and the cognitive load. In some trials, in fact, we even found activations in this band before the starting sound, i.e. when the users was not moving any body parts: we speculate that this can be related to a user mentally programming the future movements or re-working the acquired information. Fig. 7 shows the trajectories that the mouse virtually traced on the tablet: interestingly, the user with the best performance (all object reconstructed) shows an exploration strategy more regular than the other users (in the black rectangle). We emphasize that this user did not show a significant activation of the gamma band with any of the three objects, thus providing additional evidence to our hypothesis.



Third user



First user



Fourth user



Second user



Fifth user



Fig. 7. Trajectories and strategies employed in the exploration of the three environments by five subject studied. Only the last subject was able to recognize the most complex environment, showing a different strategy and a clear easiness in the use of the device.



In all the cases, many of the occurred mistakes were probably ascribable to a nonuniform (e.g. insufficient in some areas) sampling of the explored space, as can be observed in Fig. 7: subjects generally over-explored a part of the environment



probably making some kind of “inference” on the other parts. Another important source of misunderstanding can be the orientation angle of the mouse (which is integral with the hand and, to some extent, with the arm) with respect to the tablet, a fact which is common among PC users, but intuitively largely compensated by the visual feedback, which is absent here. In Fig. 7 the first and second user are have in fact exploration strategies with straight lines rotated CW, which implies to "observe" an object rotated CCW. It can also be seen that users generally develop two strategies: the first aimed at “circumnavigate” the objects, individuating the boundaries of the whole structure, the second, mainly radial, can be referred to the internal navigation of the objects aimed at reconstruction of the details. We emphasize that we cast the problem of visuo-tactile sensory substitution in its worst scenario, i.e. with minimal tactile information, almost no training at all and with a reconstruction task: this was done on purpose to collect the immediate mental reaction and effort of users and to avoid bias due to different learning curves.



6 Conclusions In this paper we proposed a method to objectively assess the degree of sensory transfer in a visuo-tactile sensory substitution task. We showed that even with a single taxel-based device, users are able to discover and reconstruct some virtual objects of increasing geometrical complexity. We also showed that an objective measure of the information acquisition process through sensory substitution can be found: the spatial representation of the discovered objects, an increasing difficulty within the reconstruction task, as well as brain programming, are related to the relative activation/deactivation of specific EEG bands. Such metrics are the first step towards a more objective assessment of the issues underlying telerobotics tasks when sensory deprivation occurs. Our metrics also provide an evaluation tool for the design of devices useful for the navigation of visually impaired people.
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