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This interdisciplinary project, lead by Cynthia Moss of the University of Maryland involves a team of neuroscientists, engineers and applied mathematicians.

Referring to the upper left hand corner of the slide, this project brings together methods from computational modeling, behavioral recordings, and neural recordings, to gain a deeper understanding of how the echolocating bat Eptesicus fuscus uses biosonar to navigate in the dark, locate, track and capture prey, and how this understanding can lead to ways of creating effective technologies in the form of electronically guided, biosonar-equipped robotics to assist humans. The computational modeling methods include concepts, theories and techniques from differential geometry of curves, feedback control system analysis, signal processing in neuromorphic VLSI electronics, and experiments with sonar-guided robots that sense their environment via active sonar based on bat echolocation principles. Behavioral data in the laboratory are obtained in a flight room (see schematic on the lower right of the slide) equipped with: infra-red illumination and a pair of high-speed infra-red cameras (frame rate = 240 frames/sec) for extracting trajectories of the echolocating bat, Eptesicus fuscus; horizontal arrays of ultrasonic microphones along three walls of the flight room, and a single vertical array of microphones along one wall, for collecting the vocalizations of bats, and, via post-processing of the array data, determining the temporal and spectral patterns in the sonar cries, as well as the directional sonar beam aim (acoustic gaze) of the bat during flight. Work on RF telemetry from behaving bats depends on emerging technology for gathering a variety of signals (EMG, sonar cries and echoes heard by the bat, and neural activity) to transmit to off-board receivers for real-time processing. Given the severe weight, power and size constraints imposed by the small weight and size of the bat E. fuscus, this is a technologically challenging aspect of the project. See also figure on lower left of the slide depicting the tetrode neural recording probe on a tethered bat.  Light emitting diodes (LEDs) attached to the electrode interface board shown in this figure are used to measure head direction in the crawling bat. 
The figure (and video) on the upper right show a small commercial robot equipped with bat-like sonar head developed in the Computational Sensorimotor Systems Laboratory (CSSL), navigating an artificial forest of obstacles under the control of algorithms developed in this project. The signal processing implementations of the algorithms are designed on neuromorphic principles with the primary goal of gaining the robustness, power efficiency and compactness in size and weight found in nature, specifically the echolocating bat. 

Clicking on the schematic of the flight room (of the Auditory Neuroethology Laboratory) in the lower right hand corner launches an animation of synchronized acoustic and video data of insect (preying mantis) capture behavior in a typical trial. The bat, upon release from its perch, initiates sonar vocalizations to search for a target, continually guiding the beam aim (acoustic gaze) through head movements, adjusting the sonar pulse repetition rates to better track the target once it is acquired, adopting a flight strategy that is characterized by eventual alignment of the acoustic gaze, and the imaginary baseline connecting the bat and the insect with a fixed direction. This constant absolute target direction (CATD) strategy has interesting near time-optimality properties, the better to capture an elusive target in the field before it disappears into foliage. In the animation, the ultrasonic vocalizations are down-converted (by a factor of 10) to an audible range of frequencies, and also the motion is slowed by a factor of 10 to see details of a trial that typically lasts 2 sec.

A key question posed by this animation is what steering mechanism is adopted by the bat to exploit localization cues regarding the target gathered from the echoes. Such a steering mechanism, in the form of a feedback law, can be developed by a combination of control-theoretic modeling and analysis, and numerical optimization. This is the subject of the next slide.
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This figure summarizes the outcome of a statistical examination of the hypothesis that in insect pursuit, a bat uses a delayed feedback law that is linear in the rate of rotation of the baseline from the bat to the insect. Video data from two infra-red cameras in the flight room was used to obtain trajectory data for insect and bat at a sampling rate of once every 4 msec. Using an optimization method for regularization of ill-conditioned problems, we obtained numerically the instant-by-instant trajectory curvatures of the bat, from the sampled trajectories. These numerical curvatures are then plotted against a delayed version of the hypothetical feedback law, where the delay 
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 accounts for the overall latency in the response of the bat to changes in the flight of the insect, including sensorimotor neural computation, biomechanical delay and aerodynamics. A range of delays was considered, and the best delay (in the sense of maximum correlation, here 0.80145), turned out to be about 112 msec. This best delay is consistent with other known estimates in the literature. The results show the effectiveness of the pursuit strategy employed by the bat, based on directional and target range cues obtained by biosonar even in the presence of delay. The technological implications of similar sensori-motor strategies in robotic assist systems for humans are being explored through experiments in the Computational Sensorimotor Systems Laboratory, and the Intelligent Servosystems Laboratory, of the University of Maryland.
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