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pursuit (shown here), escape from predators, fighting competitors and mating. ... animal means that the system is very sensitive to small deviations from level attitude. ... movement of a pattern should evoke a stronger response than downward. 
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Design concepts for a novel attitude sensor for Micro Air Vehicles, based on Dragonfly ocellar vision Gert Stange, Josh van Kleef, Richard Berry. Research School of Biological Sciences, Australian National University. Supported by the Air Force Office of Scientific Research.
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The need for an external attitude reference



Charlie Chaplin has just reported that he sees the sun when he looks down and now observes that his pocket watch is defying the laws of gravity (From: The Great Dictator (1940)).



Vision-based attitude control Yaw



Pitch



Roll To achieve stable flight, the orientation in space, relative to the vertical direction, must be known. Gravity sensors give a false vertical direction if additional forces are present, for instance during a banked turn. The attitude error is usually described as independent rotations around two axes, pitch and roll. In many situations, the horizon is sufficient as an external pitch and roll reference. 



Feature detection approach to horizon estimation (after Ettinger et al. 2004, Horiuchi 2004)



Any line through the image divides it into two classes of pixels (above and below the line). After classifying pixels in two types (sky and ground), the line that best separates them can be found easily. The algorithm has been implemented in software, using images from an onboard camera (left), and in hardware, in an analog VLSI chip (right).  Note that horizon estimates can be near-perfect (yellow line in centre picture) but are degraded if the horizon is irregular (left). On-board cameras are usually designed for high resolution, at the expense of field of view (FOV).We expect that the effect of irregularities decreases with a wider FOV. 



Does a large or even panoramic FOV help?



Major horizon irregularity: 3-storey building 20 m from sampling location.



Panoramic horizon detection in a cluttered scene Sun
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•Images taken through red or green filters suffer from lack of contrast and/or glare from the sun. Only the UV image gives useful information, with high ground-sky contrast and tolerable glare. •Using a panoramic FOV seems to be a good idea: the centroid of the dark area in the UV image is within 5 of the true vertical.



The simplest panoramic horizon detector



A: Two-dimensional weighting functions (white: positive, black: negative) of optimal pitch and roll detectors. B: Panoramic attitude detector, using four light sensors, viewed from above.



Examples of panoramic detectors in MAVs



Seen at MAV’05 conference, Garmisch 2005



Here, the detectors use mid-infrared. As for the UV approach, this gives high contrast between sky and ground, and the effect of the sun is mitigated. In addition, such a system will work at night.



Analogous system in insects: the locust ocelli CE L
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Essential attributes: 3 ocelli (rather than 4, but enough to define a plane), underfocused optics, UV-sensitivity, wide FOVs that look forward and sideways.



Dragonfly in action



Movie by Akiko Mitzutani (2002)



•Unlike locusts, which are adapted to long-distance travel, dragonflies are among the most versatile fliers in existence. The repertoire of flight modes includes hover, fast acceleration, forward flight and deceleration (all shown here), as well as soaring. This supports airborne activities such as prey pursuit (shown here), escape from predators, fighting competitors and mating.



The dragonfly



•The aerobatic skills are supportd by a strongly expressed visual system with very conspicuous compound eyes that have been studied in considerable detail. •The aim of our work has been to provide a matching analysis of the ocelli.



The dragonfly ocelli lens
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The lens is quite thick, with the result that the focal point is within the retina: image vision is possible. The retina is sampled by large ocellar neurons (Lneurons), two of which are shown here.



3D-reconstruction of two of the L-neurons



•Axon diameters are very large, implying high speed of signal conduction. •The dendritic branching patterns are wider than they are high. • The shapes of the branching patterns are unique for each neuron.



Complete set of L-neurons



•There is a total of 17 L-neurons, with 16 belonging to mirror-image pairs. Only one member of each pair is shown here. •5 pairs sample the median ocellus and 3 pairs the lateral ocelli. •One unpaired L-neuron sends branches to all three ocelli. •Each L-neuron is uniquely identifiable by its branching pattern.



Electrophysiology of L-neurons amplifier
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Electrical signals in response to a light flash can be readily recorded.
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•Responses to a simple light flash are difficult to interpret. A more efficient method is based on white noise analysis, using a light stimulus that varies randomly in time. The following analysis correlates stimulus and response, in order to extract the temporal impulse response. •The impulse response consists of a delay of 10 ms, followed by a biphasic response, characteristic for a bandwidth-limited differentiator, with a first peak after 18 ms. Therefore, the system is sensitive to fast changes, but there is also a proportional component, as the integral is nonzero.



Display to obtain the receptive fields



White noise analysis can be expanded to also extract the spatial kernel or receptive field. The procedure is to present a number of light stimuli that are driven by independent random patterns. We used a 9 12 video display made of green and UV LEDs, all independently refreshed at a rate of 625 Hz.



Extraction of receptive field



For each point in space, the temporal impulse response is obtained independently. The resulting distribution of peak amplitudes is shown as a contour plot, with the 50% contour approximated by an ellipse.



The receptive fields of nearly all L-neurons are aligned with the equator



•For clarity, only 9 out of the 17 receptive fields are shown. •All but two L-neurons look at the horizon during level flight, covering a range of 180 . • Other than in the locust (light grey), only a narrow streak in elevation is covered, suggesting that the L-neurons form a template of the horizon.



Key finding •The alignment of the L-neuron receptive fields with the equator of the animal means that the system is very sensitive to small deviations from level attitude. This would make it eminently suited for the control of stationary hover, where small attitude errors will lead to large linear accelerations.



Unresolved questions • The dragonfly is also capable of other flight modes that require extreme attitudes. At first sight, it might appear that a linear sensor array is not particularly useful in that context. •One pair of L-neurons does not look at the horizon in the first place, raising the question as to what its function may be. •Dragonflies can cope with cluttered environments where the horizon is not visible (forest, scrub). In that situation, a linear, horizon-aligned sensor would appear to be of little use.



Projection of a 180 linear array of sensors for extreme roll
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Half of the sensors look at the sky, the other half at the ground. The pattern is unique for roll to the left, altough the magnitude is not known.



Projection of a 180 linear array of sensors for extreme upward pitch
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Worst case: all sensors look at the sky, but that pattern is unique for upward pitch. Again, the magnitude is not known.



Projection of a 180 linear array of sensors for combined roll/pitch
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For any attitude, the intersect of the sensor array with the horizon represents the axis of rotation of the equatorial plane. Knowing that axis and counter-rotating around it might be sufficient for fast control.



The z-sensor for really extreme attitude
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The two most lateral L-neurons look in an upward and backward direction that is normally occupied by sky. If either or both look at the ground, it will be wise to regain attitude control by a quick roll manoeuvre. It is interesting that a commercial supplier has found it necessary to supplement their 4-sensor ‘autopilot‘ (right, top) with a detector for inverted flight (right, below).



Changes of receptive field shape with time
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The receptive field drifts downward with time, meaning that upward movement of a pattern should evoke a stronger response than downward movement. The sensitivity maximum is at 1000 /s.



Directional responses to moving stripe patterns
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As predicted by the kernel, Lneurons are directionally selective to upward movements. This means that they are sensitive to optic flow and can therefore detect rotation of a structured environment if the horizon is not visible.
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Hemianax papuensis, target pursuit, video sequence after background suppression, 20 ms/frame, 4 frames on each image, 2 overlapping with previous image.
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