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	0. EXECUTIVE SUMMARY


The overall goal of the MirrorBot project is the development of biomimetic multimodal learning and language instruction in a robot.  Based on cognitive neuroscience evidence of cell assemblies and mirror neurons we explore how neural architectures can be designed and trained to perform basic actions.  The work that has been carried out has been the start of the neuroscience and the computational modeling components of the project.  In order to direct and co-ordinate the project a scenario and grammar were developed.  The scenario requires the MirrorBot robot to be placed between two colour coded tables and to learn to collect an object or show it supported by language, instructions or gestures.  The verbal instructions are based on an instruction grammar that contains such instructions as ‘Bot Show Plum’ or ‘Bot Lift Plum’ in order to test the neural architecture.  

To gain understanding on brain processing and to act as the basis for computational modeling for the MirrorBot robot, neuroscience experiments were carried out.  To consider the electrophysiological differences between action verb categories two experiments were performed.  The first experiment used multi-channel EEG and beam-former estimates of distributed current sources within the head when subjects processed leg-, arm-, and face-related words.  In the second experiment Transcranial Magnetic Stimulation (TMS) was applied to motor areas in both hemispheres while subjects made lexical decisions on words related to actions.  These two studies have shown a difference in the processing of the words depending on what part of body (hand, leg and head) they belonged to.  For instance, leg-related words activated central brain areas around the vertex, and face-related words showed more activation in inferior-frontal brain areas of the left hemisphere.  There was a faster response to leg than arm words when TMS was applied to the leg loci, whereas responses to arm words were faster than to leg words when TMS was to the arm loci.  The comparison of action words referring to face-, arm- and leg-actions was also undertaken using functional Magnetic Resonance Imaging (fMRI) and Magnetoencephalography (MEG). Subjects were presented with lists of single words in passive reading and listening tasks. The fMRI experiment confirmed the results from the EEG and TMS experiments. Leg words activated dorsal areas in the motor and premotor cortex, arm words more lateral motor and premotor areas, and face-related words areas in the inferior frontal lobe, in Broca’s area and inferior premotor cortex. The MEG experiment provided further precise temporal information about the word-related cortical activation. Specific areas in motor and premotor cortex ignited within 200 Milliseconds after arm- or leg-words could be recognized. In general these experiments confirmed different brain locations for semantic action word types: Words that relate to actions automatically activate the brain areas contributing to actions in a somatotopic fashion. The form of a word and its meaning appear to be bound together by distributed cortical circuits, cell assemblies, that include mirror neurons.

A complementary experiment considered whether human language might engage a mirror system that matches action execution and observation.  To address this we performed an fMRI study on 17 subjects passively listening sentences describing actions performed with the mouth, with the hand, and the leg.  By carrying out this research it was possible to show that there is a functional link between the motor domain and language processing.  Furthermore, it can be argued that in humans the system matching action observation and action execution might also mediate the comprehension of sentences describing actions. Mirror neurons, involved in both tasks, might thus form the neural basis underlying this multi-modal mechanism.

As a response to these findings and the ongoing project neuroscience research, we started to develop computational models to test eventually on the real robots.  One model relates to the representation of sensori-motor information on a biologically-inspired neural substrate to be implemented on the MirrorBot robot. It obtains a representation of external events on a neuronal substratum followed by multimodal representations built from perceptive and motor maps.  The robot is to localize objects, perform navigation through the room and grasp objects. The purpose of the present model is the exploration of the visual scene by the robot, through ocular saccades and to allow for object discrimination.  Saccades consist of successive focusing of gaze to some relevant parts of the visual scene that leads to the recognition process. Our model relies on the magnification of central vision, allowing the analysis of the gaze centre, and a compression of peripheral vision, providing some kind of context for the next saccade.  We rely on a motor coding that allows associative computation, and allows emerging properties based on mirror neurons.

A complementary computational model concentrates on the modelling of mirror neurons that implement functionalities essential for action processing and the use of an environment to support action/object pairs.  This required the examination of perceptual processes using models of cortical cell assemblies and mirror neurons to produce a life-like robotic perception and action system.  To achieve this an associator neural network was implemented on the MirrorBot robot to localize an object and move the camera towards it.  The architecture consists of a “what” pathway and a “where” pathway. The idea extends the use of lateral associator connections within a single cortical area to their use between different areas.  We develop a biologically inspired approach using a recurrent associator network for multimodal convergence that allows for mirror neuron-like response properties.

Furthermore we have started work on a modular self-organising associative network that associates language instructions with robot actions.  Our approach for robot control using language incorporates some evidence related to the architectural and processing characteristics of the brain.  In particular it focuses on the neurocognitive clustering of actions and regional modularity for language areas in the brain.  In particular, the self-organising network model will cluster actions verbs based on the body part they relate to. We directly use sensor readings of actions to represent low level semantic features as the input to the robot and also as the basis for the robot’s behaviour.  We believe that such a self-organising language memory has a lot of potential for an environmentally grounded multimodal robot.  

A cell assembly model was also devised to model the cortical areas involved in language processing and their interaction.  The architecture is based on neural associative memory and a model for cortical circuitry.  This cell assembly model includes various language regions and is compatible with neuroanatomical and neurophysiological results.  The model consists of auditory areas to represent spoken language, of grammar areas to interpret spoken sentences, visual areas to process visual input, goal areas to represent action schemes and motor areas to represent motor output. Additionally we have auxiliary areas or fields to activate and deactivate the cortical areas, to compare corresponding representations in different areas, and to implement attention.  Currently we have implemented the language areas as a proof of concept.  In addition to the local auto-associative synaptic feedback defining the neural assemblies the different cortical areas are interconnected by various hetero-associative synaptic connections.  The design of the model was guided by the concept of cell assemblies identified in the neuroscience studies. Further simulations studied the possibility to organize syntactic computations in a cell assembly environment.

The MirrorBot project was carefully controlled by the use of three full meetings involving all project partners and five additional sub-meetings between two or three partners.  By using this approach decisions were made on the scenario and grammar, the neuroscience experiments to perform and the robot control system to use.  Co-ordination was also aided by the use of project email lists and password protected internal web pages.  Five bilateral meetings lead to fruitful collaborations and cross-group experiments and simulation efforts. Substantial efforts also had to be spent on setting up and understanding the neuroscience and robot environment.  

The MirrorBot project has successfully disseminated the project’s finding by the use of a substantial number of publications in journals and conferences and the development of a new website.  An international MirrorBot European Workshop is to be held in Nancy in October/November to describe the project findings to a wider audience.  Furthermore, we have made an effort to make the project known to a wide scientific and public audience (e.g. as ERCIM News No. 53 http://www.ercim.org/publication/Ercim_News/enw53/rougier.html) or by presenting MirrorBot to site visitors.  The main MirrorBot website can be found at http://www.his.sunderland.ac.uk/mirrorbot.

There are potentially many uses that can be made of the findings of the MirrorBot project to create robots that combine vision and language inputs to control their behaviour in highly unpredictable and dynamic environments in the near and far future.  Since MirrorBot-based robots have the ability to learn in a biologically inspired manner they can be expected to be less restricted to perform a single application in a dedicated manner. Thus, the mirror neuron concept may provide a better foundation for a general use of a robot control architecture than the current specialised implementations.  The market opportunities exist not only for industrial robots but also sophisticated service robots.  The world stock of service robots was estimated at a minimum of 5000 units in 1998.  The following quote from the study demonstrates the developing market opportunities: “the market for service robots could rapidly take off.  Other important growth areas for service robots are household robots and robots for handicapped and disabled people”.  Between 1999 and 2002, an estimated 24,000 new service robots have been installed, and in 10-15 years “domestic service robots” can very well have entered into everyday life like the PC, phone or the Internet.  Biomimetic multimodal learning as it is explored in MirrorBot is expected to be an important concept to make future robots robust, adaptive and more autonomous.
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