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A fly or bee's responses to widefield image motion depend on two basic parameters: temporal frequency and angular speed. Rotational optic flow is monitored using temporal frequency analysers, whereas translational optic flow seems to be monitored in terms of angular speed. Here we present a possible model of an angular speed detector which processes input signals through two parallel channels. The output of the detector is taken as the ratio of the two channels' outputs. This operation amplifies angular speed sensitivity and depresses temporal frequency tuning. We analyse the behaviour of two versions of this model with different filtering properties in response to a variety of input signals. We then embody the detector in a simulated agent's visual system and explore its behaviour in experiments on speed control and odometry. The latter leads us to suggest a new algorithm for optic flow driven odometry.

Introduction

If you have ever watched a bee flying through the window into your room, you may be surprised to know that at the very same time the animal was engaged in the same task as you -both of you were detecting and interpreting image motion. Motion detection is essential for insects, who can use the pattern of optic flow on their retina to maintain the course [START_REF] Kirschfeld | Course control and tracking: Orientation through image stabilisation In Orientation and communication in arthropods[END_REF][START_REF] Srinivasan | Visually mediated odometry in honeybees[END_REF], estimate distance to an object [START_REF] Kennedy | Observation on the mass migration of desert locust hoppers[END_REF][START_REF] Wallace | Visual scanning in the desert locust Schistocerca Gregaria Forskål[END_REF][START_REF] Lehrer | Motion cues provide the bee's visual world with a third dimension[END_REF] and control their speed (Srinivasan et al., 2000b). Optic flow is also used as an input to a visually driven odometer (e.g. Esch and Burns, 1995;[START_REF] Srinivasan | Honeybee navigation en route to the goal: visual flight control and odometry[END_REF]Srinivasan et al., 2000a). [START_REF] Borst | Principles of visual motion detection[END_REF] and [START_REF] Clifford | Fundamental mechanisms of visual motion detection: models, cells and functions[END_REF] review the minimal requirements and general principles a system has to obey if it is to detect image motion and determine its direction. Motion sensitivity in insects has been studied mostly through analysis of optic flow-based behaviour and through recordings of the electrical activity of neurons sensitive to optic flow.

Since the seminal work of [START_REF] Hassenstein | Systemtheoretische Analyse der Zeit-, Reinhenfolgen-und Vorzeichenauswertung bei der Bewegungsperzeption des Russelkafers Chlorophanus[END_REF] on the beetle Chlorophanus the optomotor response to rotational optic flow has been extensively studied in a variety of insects [START_REF] Kunze | Untersuchung des Bewegungssehens fixiert fliegender Bienen[END_REF][START_REF] Götz | Optomotorische Untersuchung des visuellen systems einiger Augenmutanten der Fruchtfliege Drosophila[END_REF][START_REF] Mccann | Optomotor response studies of insect vision[END_REF] and successfully reproduced by the correlation model (e.g. [START_REF] Hassenstein | Systemtheoretische Analyse der Zeit-, Reinhenfolgen-und Vorzeichenauswertung bei der Bewegungsperzeption des Russelkafers Chlorophanus[END_REF]Reichardt, 1961). The amplitude of the optomotor response varies with temporal frequency (which reflects how often a certain feature of a pattern is observed) reaching a maximum at 5-20 Hz.
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or HR, detectors) underpinned the detection of all types of optic flow and consequently that insects always responded to optic flow according to its temporal frequency. [START_REF] David | Compensation for height in the control of groundspeed by Drosophila in a new, 'barber's pole' wind tunnel[END_REF], working with Drosophila, was the first to demonstrate a very different type of behavioural response to translational optic flow. The flies were sensitive to angular speed rather than temporal frequency. Later, Srinivasan and colleagues (1991) observed behavioural response in honeybees that was also sensitive to angular speed. When bees were flying along a narrow straight tunnel that carried vertical stripes of various spatial frequencies on the side walls, they tended to position themselves in the tunnel so that the angular speed of the stripes perceived by each eye was the same irrespective of the perceived temporal frequency and spatial properties of the patterns. Srinivasan and colleagues called this behaviour centering response.

In accord with other analyses (e.g. [START_REF] Egelhaaf | Computational structure of a biological motion-detection system as revealed by local detectoranalysis in the fly's nervous system[END_REF], an examination of the response of an HR-based detector (Fig. 1a,c) in both half-detector (asymmetrical, Fig. 1b) and bidirectional (symmetrical, Fig. 1d) forms demonstrates clear temporal frequency dependence (filters' time constants set to 50 ms, after [START_REF] Higgins | Nondirectional motion may underlie insect behavioral dependence on image speed[END_REF]. In figure 1, each line represents a contour where the detector response is constant. An ideal angular speed sensor, whose responses are temporal frequency independent, would be characterised by equally spaced vertical lines. In contrast, the responses of the HR detectors are non monotonic, varying as temporal frequency changes. Attempts have been made to generate angular speed sensitivity from HR detectors using artificial sine-wave gratings [START_REF] Zanker | Speed tuning in elementary motion detectors of the correlation type[END_REF] and natural images [START_REF] Dror | Accuracy of velocity estimation by Reichardt correlators[END_REF], with the unbalanced HR detector (Fig. 1e) believed Higgins (2004) investigated the properties of a non-directional motion detection unit (NMDU, Fig. 1g) that is also based on the HR scheme, but is insensitive to the direction of motion. Although dependent on angular speed for some input parameters, the detector is strongly influenced by pattern spatial frequency for others (Fig. 1h). In terms of monitoring speed, the NMDU wins over the HR detectors in that for every fixed temporal frequency the response saturates with angular speed, rather than reaching a maximum value and then decreasing. Thus, for all values below saturation, speed can be determined unambiguously but only if the temporal frequency remains fixed.

The centring behaviour described above cannot be explained by the temporal frequency dependent optomotor response as it requires the detection of angular speed decoupled from the spatial structure and temporal frequency of the stimulus [START_REF] Srinivasan | Evidence for two distinct movement-detecting mechanisms in insect vision[END_REF].

Therefore, the bees' behaviour can be simulated only if the motion detector can produce temporal frequency independent responses. However, the biologically plausible motion detection schemes such as HR, LIMD [START_REF] Beare | Biologically inspired local motion detector architecture[END_REF] and NMDU detectors, do not produce temporal frequency-free outputs. The schemes which are more computationally demanding and mathematically accurate, such as the gradient scheme [START_REF] Horn | Determining optical flow[END_REF][START_REF] Srinivasan | Generalized gradient schemes for the measurement of twodimensional image motion[END_REF], image interpolation algorithm [START_REF] Srinivasan | An image-interpolation technique for the computation of optic flow and egomotion[END_REF], template model [START_REF] Horridge | A template theory to relate visual processing to digital circuitry[END_REF] and others, can potentially produce better speed tuning but at the cost of biological relevance. We therefore investigate a temporal frequency independent motion detector which can be implemented with a simple biologically plausible neuronal network.
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detector (ASD) that gives reliable angular speed detection. In contrast to previous approaches, we have modelled a dedicated channel for the detection of angular speed. We first describe our scheme and then examine the behaviour of the ASD in response to moving patterns with varying spatial frequency and contrast. We also demonstrate the equivalence of local time integration and wide-field spatial integration for generating speed-tuned responses. Further we assess the behaviour of a simulated agent equipped with the ASD in a number of experiments on centring, speed control and odometry. Several possible properties of an ideal odometer are discussed and a new algorithm for optic flow driven odometry is suggested.

Methods

All simulations were carried out in MatLab (© The MathWorks, Inc.). In all derivations and simulations we have used standard units for angular speed (radians per second, rad/s), distance (metre, m), linear speed (metres per second, m/s), time (seconds, s), temporal frequency (hertz, Hz) and spatial frequency (periods per metre, m -1 ).

To be explicit about the parameter monitored by the ASD, we first derive an expression for perceived angular speed in terms of a bee's linear speed, 0 v , and its distance d to a visual stimulus moving with speed v along a wall. In what follows, we assume the wall is aligned with the y-axis and is to the left of the agent (Fig. 2a). If the bee's heading relative to the wall is α, then the stimulus' apparent angular speed is:
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6 d v v - = α ω cos 0 (1)
However ω can also be expressed as:

t t t Δ Δ = - Δ = φ φ ω 1 2 (2)
where Δφ is a small angular displacement of a certain feature of the pattern (an "edge"), and Δt is the time interval during which the displacement has occurred. Thus if Δφ is the interreceptor (interommatidial) angle (which over a bee's lateral retina, the region of interest of this study, is nearly constant, ca. 2 0 ), ω can be estimated from knowing t 1 and t 2 , the times when a feature is detected by two neighbouring receptors.

Angular Speed Detector (ASD) characteristics

The ASD consists of 60 receptors imaging a 1-D pattern and covering -60 0 to +60 0 of the lateral visual field, where 0 is perpendicular to the agent's heading. For simplicity and because the honeybee's motion detectors are only sensitive to green contrast (Kaiser, 1974;[START_REF] Srinivasan | Spatial acuity of honeybee vision and its spectral properties[END_REF], stimuli were modelled as periodic grey-scale patterns. Thus the intensity I experienced by a receptor at an angle of γ in the ASD at time t is:

( ) ( ) [ ] γ ω ω π γ tan 2 , ⋅ + ⋅ = d t F t I s t (3)
where F is a sinusoidal, square wave or saw tooth function, ω t is the pattern's temporal frequency, ω s its spatial frequency (set to 10 m -1 ) and d is the distance from the receptor to the pattern. Each receptor averages the input intensity over its 2 0 acceptance angle. The In essence, our algorithm for angular speed estimation works as follows: when a receptor encounters a rapid intensity change, it produces an excitatory response that decays over time. If the intensity change is generated by a moving edge, the neighbouring receptor responds in exactly the same manner, but slightly delayed or advanced in time. The faster the edge passes across the two receptors, the longer the overlap between the excitatory responses of neighbouring receptors. Thus the angular speed of the edge can be assessed by multiplying the two excitations at each moment and summing the result. To eliminate the temporal frequency dependence, we introduce an additional normalising (division) step. For clarity the ASD scheme is subdivided into two parallel channels and five stages of processing (Fig. 2b). We also consider the Inverted ASD (IASD) in which the order of stages 3 and 4 is swapped, that is, we divide the output of stage 4 by the output of stage 3 rather than vice versa.

The contrast of the input signal was simulated according to the definition of the 
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Agent simulation

The agent, or "virtual bee", was modelled as a pair of compound eyes of negligible size.

Each eye consisted of one ASD covering 120 0 , either predominantly in the frontal or in the lateral visual fields. Simulation results were largely unaffected by the orientation of the two eyes relative to the body axis. The ASDs produced responses every 1ms. We did not take into account any physical properties of the agent such as momentum, size etc. The agent was placed within either a straight (rectangular) or variable width (X-shaped) tunnel with patterned vertical walls. The patterns were grey-scale visual stimuli created using equation 3 (with a resolution of 10000 pixels per metre) and could be moved forwards and backwards independently along the walls. Visual input to a receptor was defined as the average of the pixel-values within the visual field of the receptor. The direction of movement of the agent at each time-step was determined by the difference in the outputs of the left and right eyes:

( ) r l O O angle turning - ⋅ = α (5)
where α is a constant, O l and O r are outputs of the left and right ASDs respectively. The agent's body axis was kept at a constant orientation aligned with the long axis of the tunnel.

The linear speed of the agent v was either set to be constant, or adjustable by the agent. In the latter case the agent's control system was designed to maintain either the apparent angular speed (i.e. the ASD output f(ω)) constant, or the ratio f(ω)/v, constant. As the agent A c c e p t e d m a n u s c r i p t 9 only knows the receptor output and not its speed v, the control system works by increasing/decreasing v by Δv when f(ω) is outside the permitted range via:

( ) ( ) ( ) ( ) ( ) ⎢ ⎢ ⎢ ⎢ ⎢ ⎣ ⎡ ⋅ - - = Δ ⋅ - - = Δ ⇒ > - IASD for f f v ASD for f f v k f if 002 . 0 002 . 0 η ω η ω η ω ω η η ω (6)
where, in the case of f(ω)=const, η is a fixed threshold and the speed is increased or decreased until f(ω) returns to the allowed interval. For f(ω)/v=const, η is a dynamic threshold calculated as the running average of f(ω) over the last 10 timesteps. In this case the speed is adjusted until the detector output changes from its initial value

f 1_2 (ω) to f 2 (ω)= η ω ⋅ ) ( 2 _ 1 f
. The last expression is derived in the Results.

Results

ASD scheme and properties

ASD scheme

The first layer of the ASD is formed by Receptors (Fig. 2b) which take in the average signal intensity over their visual fields. The signals from two neighbouring receptors A and B can therefore be expressed as:

), ( ), ( where φ is the phase shift between the inputs from the receptors A and B, ω is the temporal frequency, t is the time, ω ang is the angular speed and φ 1 is the divergence of the receptors axes (2 0 for all calculation here).

ϕ ω ω + = = t s B t s A (7)
The first stage of processing generates an excitatory response to a change in the input signal from the receptor (Fig. 2c). We investigate three different response profiles, square, hill-like and exponential:

square ⎢ ⎢ ⎣ ⎡ ≥ < = s t s t t f 02 . 0 , 0 02 . 0 , 1 ) ( (8) hill-like t t e e t f 50 100 ) 1 ( ) ( - - ⋅ - = (9) 
exponential

t e t f 50 ) ( - = (10) 
If the input signal is known at any time, the excitation can be calculated analytically by differentiating the input in time and convolving it with a filter with the required impulse characteristics. This allows us to compare the ASD to previous work and to derive an analytical expression for its output.

It is not feasible to use this approach on a mobile agent, and so we also investigate the ASD's responses with the analytical convolution replaced by excitatory responses at each receptor. In this instance, the required response profile (specified by equations 8-10) is produced whenever the input signal crosses a given threshold (for a purely sinusoidal signal, zero-crossing would be appropriate). This thresholding operation is the only digital operation incorporated into the ASD. The sign of the profile is made positive or negative to
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match the sign of the input change. The negative responses here should be considered not as a neuron's firing rate, but rather as a deviation from a resting potential, as observed in a fly's visual system (e.g. [START_REF] Douglass | Visual motion detection circuits in flies: peripheral motion computation by identified small-field retinotopic neurons[END_REF][START_REF] Single | Dendritic integration and its role in computing image velocity[END_REF]. The ASD scheme still works reliably if only ON responses (and not OFF ones) differ from zero.

However, the operating range is significantly reduced if no discrimination is made between ON and OFF responses.

As exemplified below for a square-shaped input, both filtered and non-filtered methods produce similar response profiles, despite the differences in implementation. For ASD with square excitation (equation 8) the outputs of stage one are:

Z k k t k k t k k t k t ext t ext B t ext A m m m m s m s m s ∈ ⎪ ⎪ ⎪ ⎩ ⎪ ⎪ ⎪ ⎨ ⎧ - ≤ < + - + - + ≤ < - + - + - ≤ < - = + + = = , , 0 ) 1 2 ( ) 1 2 ( , 1 2 2 , 1 ) , ( ) , ( ), , ( 1 1 ω ϕ π τ ω ϕ π τ ω ϕ π ω ϕ π τ ω ϕ π ω ϕ π τ ϕ ω τ ϕ ω τ ω (11)
where τ m is 0.02s -the duration of the response. In order to measure apparent angular speed, we want to estimate the time when the excitations from any two neighbouring receptors are both nonzero. Thus, in stage two the signals are multiplied in a pairwise manner. Note that the product does not depend on the direction of apparent movement. 

⎪ ⎪ ⎩ ⎪ ⎪ ⎨ ⎧ < - ≥ - = ⋅ = m m m B A stage τ ω π π ϕ π τ ω π π ϕ ωτ , , ) ( 3 3 (12)
Thus, if the speed and its distance from the stimulus are constant, averaging over the entire field of view means that the output of stage three is quasi-constant in time. Fig. 2d shows the output of stage three for inputs generating temporal frequencies in the range [0, 40] Hz moving at angular speeds in the range [0, 40] rad/s both with filtering (Fig. 2d, left panel) and with excitation steps (Fig. 2d, right panel) at the first stage. In the latter case, the output is completely independent of the shape of the input signal. When filtering is applied, the output depends more on the characteristics of the filters than on the shape of the input signal (data not shown). In all cases the resulting signal has a strong temporal frequency dependency that contaminates the signal related to angular speed.

To remove the contamination by temporal frequency, we introduce stages four and five.

The role of stage four is to obtain a response that is driven strongly by temporal frequency, and is as independent as possible of angular speed. That response can then be used to 

⎪ ⎪ ⎩ ⎪ ⎪ ⎨ ⎧ < ≥ = = m m m A stage τ ω π τ ω π π ωτ , 1 , ) ( 4 4 1 (13)
The function of stage five is to suppress the temporal frequency dependence of the output of stage 3 by dividing its output by that of stage 4. The success of this operation can be seen in Fig. 2f. There is a notable reduction in temporal frequency dependence of the output signal for both variants of the scheme compared to stage three (Fig. 2d). The ASD with square excitation performs better than hill-like and exponential excitation ASDs due to the fact that square excitation is limited in While the responses shown in Fig. 2 are for input signals of constant amplitude and frequency, we have additionally tested (Fig. 3a) that the detector still measures angular speed reliably for an irregular signal by simulating a pattern with stripes of random width.

⎪ ⎪ ⎪ ⎪ ⎩ ⎪ ⎪ ⎪ ⎪ ⎨ ⎧ < - ≥ - = =
The square excitation ASD responses to regular (square wave) input are plotted against angular speed in Fig. 3b for comparison. For both regular and irregular inputs, at low angular speeds the response is close to linear, but saturates for higher speeds. that the saturation occurs because the ASD detects the time difference between the excitations in adjacent receptors, and differences which are small with respect to τ m are hard to detect. In contrast to the ASD, the responses of the HR and NMDU detectors (Fig. 3c,d) are spatial frequency-dependent at all angular speeds, though the NMDU does show some speed tuning at high spatial frequencies and low angular speeds.

Temporal and spatial equivalence

Outputs of stages three and four of the ASD integrate the information over the whole set of receptors covering 120 0 . Therefore stage five may be considered as spatial (global) normalisation of the signal from stage three. When the signal is normalised locally (i.e. if
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15 the division precedes spatial summation, Fig. 2b), the output of the ASD is not clear of temporal frequency dependence (Fig. 4, left column). However, local normalization can produce speed-tuned output if a receptor's signal is integrated over time. In Fig. 4 we present the responses of the scheme with local normalization (no spatial summation is performed on stages three and four) but with the receptor responses averaged individually over 0.005s, 0.05s or 0.2s before the division (i.e. stage five). As the integration time increases, the responses transform from temporal frequency-tuned to angular speed dependent (Fig. 4, right column). This demonstrates that wide-field spatial pooling is not necessary for speed tuning. Thus speed sensitivity may be facilitated by local integration early in the visual system, before inputs from different receptors converge onto a wide-field cell.

Contrast sensitivity

The ASD output is strongly dependent on pattern contrast when filtering is applied (Fig. 5a, left panel). For any given contrast (0<contrast≤1), however, the relationship between responses to different speeds or temporal frequencies remains identical (Fig. 5b). Thus, an agent equipped with this detector would be able to navigate perfectly along a narrow striped tunnel (or in any other environment) as long as both walls carry patterns of the same contrast. The angular-speed based navigation would deteriorate if the contrasts on the two walls differed, contrary to the behaviour shown by honeybees in such a situation [START_REF] Srinivasan | Range perception through apparent image speed in freely flying honeybees[END_REF]. Without filtering, the scheme provides a better match to the bees' behaviour, because once the signal crosses threshold, receptor responses are of constant amplitude and time course and therefore contrast-independent (Fig. 5c).
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Simulated agent navigation

Having embedded the ASD into a simulated agent, we focus on two situations investigated by Srinivasan and colleagues (1991;1996). First, we model a honeybee's ability to centre itself within a narrow tunnel, which it accomplishes by equalising image speeds over its two eyes [START_REF] Srinivasan | Range perception through apparent image speed in freely flying honeybees[END_REF]. Secondly, we show that the same system can simulate a bee's ability to maintain a constant angular image speed when flying through a channel of variable width [START_REF] Srinivasan | Honeybee navigation en route to the goal: visual flight control and odometry[END_REF]. Lastly we propose the navigational strategy that provides the most accurate odometric outputs. Because a moving agent causes continuous changes in perceived pattern frequency and relative speeds, we use the ASD with excitatory responses for all simulations.

Fixed speed experiments

In accord with the experiments of Srinivasan and colleagues (1991), the simulated agent travelled along a straight tunnel 12 cm wide and 40 cm long, the walls of which were covered with vertical 2.5 cm wide black and white stripes. One wall was stationary while the pattern on the other wall moved with the speed of 38 cm/s. The agent's speed was kept constant within an experimental run at a set value between -1 and +1 m/s, the sign , where v r is the right wall's velocity and 0.12-x the distance between animal and right wall (tunnel width is 0.12m). Thus we can derive the position of the animal at which the apparent angular speeds of the patterns are equal:

r l l r l r l v v v v v v x x v v x v v - + - - ⋅ = ⇒ - - = - ⇒ = 12 . 0 12 . 0 ω ω (15)
The agent equipped with either square or hill-like excitatory ASD's and the control system shown in Fig. 6a, left panel, was released at 3 starting points (3, 6, 9 cm from the left wall). The agent's speed was fixed to a value in the range [-1, 1] m/s and its position from the left wall recorded (Fig 6b). The agent's positions inside the tunnel are in a good agreement both with the theoretical predicted position (equation 15, solid line in Fig. 6b) and experimentally measured data (Srinivasan et al., 1991, open triangles ). The highest discrepancies occur at low speeds largely because at low speeds the excitatory responses of adjacent receptors do not overlap. Notably, the agent continued to balance angular speeds even when it experienced front-to-back motion on one side and back-to-front on the other as did the real bees. These cases correspond to the linear element of the theoretically predicted position in Fig. 6b.Because the hill-like excitatory response is more sensitive to low angular speeds than the square response, the square excitation ASD worked better for 

Variable speed experiments

The control system was then altered (Fig. 6a, right panel) to allow the agent to govern its own speed. The aim of the control system is to keep image speed within a narrow range (8.2±0.3 rad/s) and the agent therefore accelerates or decelerates when the sum of the outputs falls outside the permitted range (see Methods). The agent must now both equalise the image speeds on the two eyes and keep their sum constant. The agent moved in a 1m long X-shaped tunnel with a width that varied from 12 cm to 38 cm (Fig. 6c), as used by Srinivasan and colleagues (1996). The tunnel's walls were stationary and covered with either 6 cm wide black and white stripes (regular) or black and white stripes of random widths (irregular, generated as 2 cm sections of randomly assigned black or white colour).

The agent's trajectory and speed are shown in Fig. 6c, together with the speeds of honeybees flying in a similar tunnel [START_REF] Srinivasan | Honeybee navigation en route to the goal: visual flight control and odometry[END_REF] for comparison. There is good resemblance between the performances of the agent and those of real bees. Like real bees the agent slowed down as the tunnel narrowed and sped up as the tunnel widened. Its behaviour was unchanged when the pattern on the walls of the tunnel was switched from black and white stripes of constant width to random width.

Odometry experiments

Bees use angular speed as an input to an odometer that in some way integrates angular speed over time to provide a measure of the distance that they have flown (Esch et al.,
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linearly with angular speed, or by the bee modulating its velocity so that the apparent angular speed is constant (although see [START_REF] Tautz | Honeybee odometry: performance in varying natural terrain[END_REF]. To see this equivalence, consider first the case where, for simplicity, the speed v of the bee relative to the pattern, and the apparent angular speed, ω, are constant. The total odometric signal the animal detects is O=f(ω)•t, where t is the total time of the flight, and f(ω) is the output of the angular speed detector. Using t=s/v, where s is the total distance flown, we therefore have:

( ) v s f O ⋅ = ω (16) 
To measure distances reliably, O must be linearly proportional to s and so the odometric index f(ω)/v must be constant. The index is of arbitrary magnitude, but its value must correspond to the realistic range of v and stay unchanged for every flight of an agent. Using equation 1 we thus have:

( ) ( ) const v d v f v f = = ω (17)
where d is the distance from the animal to the pattern. If the detector's response increases linearly with angular speed, that is, f(ω)=k 1 ω, then: Alternatively, if the apparent angular speed ω is kept constant:

( ) const d k v d v k v d v f = = = 1 1 (18)
( ) ( ) const d k d f v d v f = = ⋅ = 2 ω ω (19)
where k 2 = f(ω)/ω is a constant, distance flown is proportional to the output of the odometer. Thus, an optic flow-based odometer will work if the angular speed is kept constant or its output is linearly dependent on angular speed as long as d remains unchanged. This algorithm agrees with the data from bees. Both laboratory (e.g. [START_REF] Srinivasan | Visually mediated odometry in honeybees[END_REF][START_REF] Hrncir | A stingless bee (Melipona seminigra) uses optic flow to estimate flight distances[END_REF] and outdoor [START_REF] Esch | Distance estimation by foraging honeybees[END_REF] experiments demonstrate that the honeybees' odometeric estimation depends on the distance d to an optic flow source. However, it is not impossible to have an odometer that is robust to alterations of d.

When d increases or decreases, f(ω) will become smaller or bigger respectively. Assuming changes in f(ω) are only caused by changes in d, there is a simple method of adjusting v so that the output of f(ω)continues to provide a valid input to the odometer. The trick is to change v such that the odometric index remains constant. However, if the agent, equipped with the ASD, flies closer to a pattern, ω will increase leading to increased f(ω) (Fig 3b).

To keep the odometric index constant, v has to increase too, further incrementing ω and f(ω) and leading to runaway positive feedback. The same kind of instability will be To solve this problem, consider an "inverted" ASD (IASD) whose responses are inversely proportional to angular speed:

( ) v d k k f 3 3 = = ω ω (20)
If the distance d changes rapidly from d 1 to d 2 , and consequently f(ω) -from f 1 (ω) to f 12 (ω), then the agent has to adjust its speed v from v 1 to v 2 so that ( ) ( )

α ω ω = = = const v f v f 2 2 1 1 (21)
where f 1 (ω) is the IASD output before the distance d has changed, and f 2 (ω) is the steadystate IASD response after the agent has reacted to the change of IASD output to f 1_2 (ω)

(note that ( ) α ω ≠ 1 2 _ 1 v f
). Using equations 20 and 21:

2 1 2 _ 1 1 2 1 1 2 _ 1 1 2 1 2 3 2 2 3 2 2 3 2 f f f v f f v f v f f d k f d k v d k f = = = = = α (22)
Thus the speed has to be changed until:

2 _ 1 1 2 f f f = and 1 2 _ 1 1 1 2 1 2 f f v f f v v = = (23)
Thus, the IASD enables the agent to keep f(ω)/v constant by monitoring the optic flow alone, that is, without explicit knowledge of its own speed v or distance d to the stimuli.
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The easiest way to model the IASD is to divide the output of stage 4 by the output of stage 3, (instead of stage 3 by stage 4 as in the ASD, Fig. 2b). The angular speed dependence of the IASD is shown in Fig. 7a. Note that the IASD responses are the inverse of those of the ASD (compare with Fig. 3b). To validate the theoretical predictions, we compare the performance of two agents flying through 1m long X-shaped and straight patterned tunnels. The first agent was equipped with the ASD and was set to maintain f(ω) constant (see Methods), thereby ensuring the ASD's most accurate odometric output. The second agent was provided with IASD and had to keep the odometric index (f(ω) /v) constant (see Methods). Fig. 7b compares typical odometric outputs of the ASD agent with the IASD agent. The IASD agent acquires very similar odometric measurements in both tunnels while the ASD agent does not. We next compared the ratio of total odometric signal acquired in each tunnel by the two agents for a range of parameter settings (Fig. 7c). The agent using the IASD had nearly equal odometric measurements from X-shaped and straight tunnels. In contrast, the ASD agent produced up to twice the odometric signal acquired in the straight tunnel when flying in the X-shaped tunnel. Therefore only the IASD agent reliably estimates distance flown independently of tunnel width.

Discussion

The aim of this work was to develop a simple model to account for angular speed detection in bees. The main idea behind the ASD is to normalise the output of one stage by an output of a parallel processing channel. We use clear temporal frequency dependence that arises in stage 4 of the ASD (Fig. 2b) to suppress the temporal frequency component in the output of stage 3, and improve speed-tuning of the output signal.
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incorporate a similar normalisation step (data not shown). In contrast to the ASD, normalisation by a signal that lacks any speed dependence does not lead to a visible improvement of the speed tuning. Thus, we cannot as in the ASD, normalise the output by the summed signal from previous stages in the HR detector. However, speed tuning was significantly improved when the outputs of an HR detector with an interommatidial angle of 2 0 was divided by the output of an identical detector with 1 0 interommatidial angle. We therefore conclude that normalisation may be used to improve speed tuning; but the properties of the required normalisation signal is dependent on the detector structure.

We have modelled a detector that may be responsible for the centring response to translational optic flow, but would not be able to reproduce the optomotor (rotational) response accurately. The separation of the responses to translation and rotation could arise at the level of the lamina, the first processing layer of the optic lobe. Working on Drosophila, [START_REF] Katsov | Motion processing streams in Drosophila are behaviorally specialized[END_REF] used genetic tools to investigate functional differences of the two processing channels that start with the large monopolar cells L1 and L2 (see also [START_REF] Rister | Dissection of the peripheral motion channel in the visual System of Drosophila melanogaster[END_REF]. The authors concluded that the L1 branch produces rotational (optomotor) responses, and L2 is responsible for the analysis of translational optic flow. The evolutionary conserved neurons [START_REF] Strausfeld | Neuronal basis for parallel visual processing in the fly[END_REF][START_REF] Buschbeck | Visual motion-detection circuits in flies: smallfield retinotopic elements responding to motion are evolutionarily conserved across taxa[END_REF] in the L2 pathway are: L2 (lamina) -L4 (laminar small monopolar cell) -Tm1 (transmedullary) -T5 (lobula). However, despite the knowledge of anatomy and physiological responses of these motion-sensitive neurons, it is difficult to see the exact correspondence between the neurons and the components of the models of motion detection. et al., 1989;[START_REF] Laughlin | Coding efficiency and design in visual processing[END_REF]. Next, L2 provides inputs to the non-directionally selective small-field Tm1 neurons [START_REF] Douglass | Visual motion detection circuits in flies: peripheral motion computation by identified small-field retinotopic neurons[END_REF]. Tm1 shows the same response polarity as L2 and weak frequency doubling in response to flicker. Although the conserved response polarity does not literally agree with the multiplication procedure, the frequency doubling, small receptive field and the lack of direction selectivity allow us to ascribe to Tm1 the multiplication of adjacent stage one outputs in stage two of the ASD. The spatial summation of stages three and four may correspond to the convergence of the inputs of small-field neurons onto a wide-field cell.

However, for the division (stage five) to be implemented, the outputs from the L2 layer must be converted into an inhibitory signal (stage four). Appropriate candidates for this are the Tm9 neurons [START_REF] Douglass | Functionally and anatomically segregated visual pathways in the lobula complex of a Calliphorid fly[END_REF]. Tm9 are another small-field transmedullary cells which are non-directionally selective and are inhibited by motion.

Thus, their input into successive processing stages is analogous to the inverted outputs of stage four of the ASD. Although there is no information on the speed sensitivity of the T5 neuron, which receives inputs from Tm1, speed tuning is observed in the later stages of visual processing. Responses of the descending VT neurons in the honeybee ventral cord [START_REF] Ibbotson | Evidence for velocity-tuned motion-sensitive descending neurons in the honeybee[END_REF] increase monotonically with speed (up to 17 rad/s) independently of temporal frequency. Similarly, recordings from the lobula plate centrifugal CY2 neuron in We demonstrated that the ASD scheme produces angular speed tuned outputs with three different response profiles in response to a variety of moving signals with a range of spatial frequencies. Outputs were shown to be the same whether generated in analytically tractable fashion by convolving response filters with the time differential of the input, or if the filtering operation was replaced by an excitatory response from each receptor. In the latter form, excitatory responses are generated when the signal crosses a threshold. The value of the threshold regulates the sensitivity of the scheme  responses to signals which do not oscillate around the threshold are suppressed. The responses of this variant of the ASD do not depend on the shape of the input signal or the contrast of the pattern. In contrast to other motion detection schemes, the ASD can discriminate between angular speeds up to 20 rad/s, largely independent of the spatial structure of the stimulus. This agrees well with data from bees who, when exposed to vertical stripes of 10 -40 m -1 moving at speeds of 1.7-17 rad/s [START_REF] Srinivasan | Range perception through apparent image speed in freely flying honeybees[END_REF], were able to balance the speeds between their two eyes. Fig. 3 shows responses of HR, NMDU and ASD to stimuli with these parameters. The ASD would allow a bee to balance the inputs much better than the other two detectors.

Performance of a variety of other motion detection schemes can be evaluated by considering their robotic implementations. The gradient scheme [START_REF] Horn | Determining optical flow[END_REF][START_REF] Srinivasan | Generalized gradient schemes for the measurement of twodimensional image motion[END_REF] has been implemented on a robot designed by [START_REF] Coombs | Centering behavior using peripheral vision[END_REF] and the Robee robot of Santos-Victor and colleagues (1995). The robots were able to centre themselves when moving in a stationary environment. However the operational range of speeds is quite low, 0.66-4 rad/s and 0.05-0.2 rad/s, respectively. The low range A c c e p t e d m a n u s c r i p t particular set of inputs considered, or the limitations of real-time processing. Similarly, the robot of Weber and colleagues (1997), which uses the image interpolation scheme [START_REF] Srinivasan | An image-interpolation technique for the computation of optic flow and egomotion[END_REF], operates in the range of speeds of 0.02-0.5 rad/s. Rajesh and colleagues (2005) calculated that the template model [START_REF] Horridge | A template theory to relate visual processing to digital circuitry[END_REF] produces angular speed-tuned responses below 1.75 rad/s, but becomes inaccurate for faster inputs. More accurate speed tuning is achieved by the "token-matching" model of Blanes and Franceschini [START_REF] Blanes | Appareil visuel élémentaire pour la navigation "à vue" d'un robot mobile autonome[END_REF]; see [START_REF] Ruffier | Optic flow regulation: the key to aircraft automatic guidance[END_REF][START_REF] Serres | A vision-based autopilot for a miniature air vehicle: joint speed control and lateral obstacle avoidance[END_REF] for robotic implementations).

The scheme operates on two channels which represent adjacent ommatidia. Upon detecting an edge, one channel generates a long decaying (exponential) signal, and the other a unitary pulse. Next the pulse is multiplied by the exponent, thus effectively measuring the value of the exponent at the time when the pulse occurred, which reflects the angular speed of the moving edge. This scheme provides a monotonic estimation of the optic flow (for 0.7-7 rad/s) and is computationally undemanding. However, there is no evidence for the existence of a natural sampling mechanism similar to the unitary pulse sampling implemented in the scheme. A more technical modification of this algorithm was proposed by [START_REF] Aubepart | Bio-inspired optic flow sensors based on FPGA: application to micro-air-vehicles[END_REF]: the edge detected in one channel starts the time-counting function and the same edge detected in the other channel stops it. The measured time is exponentially converted into measured angular speed. However, again a biological counterpart of the timing mechanism is not obvious.

We also embodied the ASD into a simulated agent to investigate questions of speed control and odometry when navigating through patterned tunnels and compared the results to behavioural data on honeybees (Fig. 6b,c). Both bees and agent are able to balance Conversely, the response saturates for high angular speeds, and so the ASD is not sensitive to changes in this speed range. The choice of the time constant τ m thus regulates the range of discriminable speeds. Decreasing the time constant increases both the speed at which ASD responses saturate and the minimal detectable angular speed.

Finally, we discuss possible mechanisms of a robust odometer. Recent work by [START_REF] Baird | A theory of ground height control in the honeybee[END_REF] presents a novel hypothesis to explain how honeybees control their height above the ground (keeping the height constant may ensure the odometric signal is proportional to the travelled distance). Honeybees need to fly at a constant or known height because their odometric output varies with height. We discuss a mechanism of producing an odometric output that can be independent of an animal's distance from a pattern. We show that if the odometric index (ratio f(ω)/v, where f(ω) is an angular speed detector output and v is a linear speed) stays constant, then the odometric output is independent of the distance to the pattern (Fig. 7b). A detector that produces decreasing responses with increased speed (IASD) could be employed for keeping the linear speed of an agent proportional to the perceived optic flow. The idea of an IASD is in accord with the data from speed-dependent responses of a wide-field LPTC [START_REF] Douglass | Functionally and anatomically segregated visual pathways in the lobula complex of a Calliphorid fly[END_REF]. The background spiking activity of the cell is depressed by apparent motion, so that the spiking rate decreased with increased speed in a roughly linear manner. A simulated agent equipped with IASD and programmed to maintain the odometric index constant yields very accurate odometric The solid line ('real') shows the average linear speed of honeybees flying through a tunnel of the same shape with regular 6 cm wide black and white stripes on the walls [START_REF] Srinivasan | Honeybee navigation en route to the goal: visual flight control and odometry[END_REF]. 

  a true speed detector, producing potentially equivocal responses (Fig 1f).

  adjacent receptors diverge by 2 0 meaning there is no overlap between receptors.

  and I min (I max , I min ≥0) are the highest and lowest luminances. Unless indicated otherwise, results were obtained for C=1. As the input is oscillatory, the results in Figs 1-5 are shown after averaging over 1s to remove fluctuations.

  Stage three pools all outputs from stage 2 and eliminates irrelevant outputs by summing only those signals that are of the same (positive) polarity. Negative signals in stage two arise from multiplying ON and OFF responses which are elicited by two different features of the pattern viewed by adjacent receptors. Therefore, a negative product does not contain between the two receptors. For the ASD with square excitation, the output of stage 3 (after averaging for 1s to remove fluctuations caused by the oscillatory input) is proportional to:

  temporal frequency component of stage 3. Simple summation of the absolute values of excitations from stage one satisfies this requirement (Fig.2e):

  time by τ m . τ m therefore sets a temporal frequency range ⎟ 15) where the output does not depend on temporal frequency. In contrast, the hill-like (equation 9) and exponential (equation 10) responses decrease quickly after initiation (in 0.09s and 0.11s to A c c e p t e d m a n u s c r i p t 14 1% of the maximum value) but never become zero. Limiting the responses with a constant τ m makes the outputs of all three ASDs with excitation similar in the range ⎟ shown). Therefore, it is the duration in time and not the shape of the response per se which is most important for speed sensitivity of the ASD. Decreasing the time constant τ m of a response removes temporal frequency dependence of the ASD output for a broader range of frequencies but also makes the ASD less sensitive to low angular speeds.

  indicating backward and forward flight respectively. When both walls are stationary or move with the same velocity, honeybees fly along the midline of the tunnel, centring themselves by balancing apparent speeds on their eyes. However, if the speeds of the left and right walls vary, the bees restore the balance by shifting their position towards the side with lower apparent speed is v and the wall velocity is v l , then the apparent angular speed on the left eye is

  to-back motion on both sides (Fig.6b, stars), and the hill-like excitation ASD was better in the other case (Fig.6b, dots).

  d remains constant, the odometric signal will reliably signal the distance flown.

  f(ω) drops. Thus it would seem that the ASD cannot be used to maintain the odometric index constant as its responses increase with increasing ω.

  photoreceptor response (L2 hyperpolarises in response to a flash of light) and filters out the

  maximum measured speed of 1.7 rad/s.

  -back and back-to-front optic flow on their eyes. Deviations from the theoretically predicted positions (Fig.6b) may be explained by the nonlinear dependence of the ASD output on the observed angular speed. The ASD produces zero responses for a low (but non-zero) angular speed (for instance, ω<φ/τ m =1.75 rad/s if square excitation is used).
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 13 Fig. 1. Schemes and response profiles of Hassenstein-Reichardt detector (HR, (Hassenstein

Fig. 4 .

 4 Fig. 4. Local normalization. At stages three and four of the ASD (Fig. 2b) no spatial

Fig. 6 .

 6 Fig. 5. ASD contrast sensitivity: (a) Contrast sensitivity of the ASD with square filtering

  Fig. 7. IASD speed sensitivity and odometry: (a) IASD responses versus angular speed.
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ASD-based agent that maintained apparent angular speed ω constant significantly overestimates the distance travelled in an X-shaped tunnel compared to a straight tunnel.

Thus, in some respects, the IASD based odometer gives a more reliable estimate of distance travelled than the ASD odometer, as its readout is immune to variations in the distance of surrounding objects from the agent (d). But it also has a drawback, which is not shared by the ASD. The IASD does not work reliably in head or tail winds that change the agent's ground speed. The reason is that the suggested algorithm for IASD odometry (equations 20-23) relies on the assumption that any differences between initial (f 1 ) and later (f 1_2 ) optic flow measurements are caused by changes in the distance of objects from the agent (d) and that the agent's speed (v 1 ) remains constant. Wind-induced changes in optic flow require the agent's speed relative to the ground to be returned to its initial value v 1 . In this case, the compensation automatically applied by the IASD would corrupt rather than correct the odometric signal. The IASD could only operate correctly if it could partition changes in optic flow into components caused by changes in d and in v, which is not possible when the only source of information is the perceived optic flow f(ω).