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We present here a proof-of—concept powerline detection system. Powerlines are the number
one hazard for low-flying helicopters. Most of the detection systems available on the market
tend to enlarge the operability time by detecting wires through fog, rain and snow. However,
these systems need to emit radiations in the millimeter wave range (radar-based systems) or in
the infrared range (laser-based systems) to detect an obstacle. This emissive sensing has a
significant cost in terms of mass, size and money. The principle of the proposed powerline
detection system was inspired by studies carried out at our laboratory on the compound eye of
the fly. Unlike existing systems, our system does not emit any radiation. The first requirement
for detecting a cable is that a retina, made of infrared sensitive photodiodes placed behind a
lens, must vibrate actively and periodically according to a particular law inspired by the fly
itself. The second requirement relies on the contrast value (at least 4%) of the object placed
with the field-of-view. However, we show that the performance of our detection system is
quasi-invariant with respect to contrast (from 4% to 70%). Our system is able to detect a thin
bar, 0.3mm wide, at a distance of 10m and hence potentially a 30mm bar at 1km. Although
not tested in real conditions, our system presents an interesting prospect for the development
of a non-emissive powerline detection system when it comes to reduce the avionic mass,
power consumption and cost.



INTRODUCTION

In spite of many programs launched in the last 20 years, the problem of helicopter wire-
strikes is still a major issue. This problem is particularly acute during missions where flight
profiles are below 100 meters or during maintenance operations where the pilot has to stabi-
lize the helicopter a couple of meters away from powerlines. Most wire strikes do not occur
only during these critical flight conditions but during daylight missions under relatively fa-
vorable weather conditions [1,2]. Scanning beam laser [1-7] or millimetric radar [8] systems
exhibit high performances in terms of wire detection range and detection probability. For ex-
ample, the HELLAS [3] system can detect a wire of 10mm diameter at a distance of 500m
with a detection probability of 99.5%. Yet these emissive systems are bulky, heavy, costly
and power hungry. Laser based systems consume between 300W and 600W and their mass is
between 10kg and 30kg. Furthermore, microwave and millimeter wave radars suffer from
specular reflections [8] but offer a better resolution image than laser based system in the pres-
ence of clouds, smoke and fog. Several detection systems [1] are based on joint emission of
infrared and millimeter waves but this solution presents a very high cost. This work examines
an alternative way to reduce the size, the mass and the cost of a powerline detection system.

The proposed system relies upon a principle that was discovered in the compound eye of
the fly in 1997 [10]. Flying insects are equipped with one of the oldest optical sensor ever de-
velopped, the compound eye, which is one of the most complex in terms of micro-mechanical
structure and optical alignment. If we make a comparaison with off-the-shelf optical sensor
wich are currently used onboard UAV, aerial robots and helicopters, insects like flies or drag-
onflies must deal with a sensor having relatively few pixels, and consequently a low angular
resolution. However, even the smallest fruitfly, drosophila, is able to avoid obstacles with
high performances.

Since about 100 years, the visual system of the fly and especially its compound eye has
fascinated many researchers [9]. A striking example of biomimetic transfer comes from stud-
ies on the Elementary Motion Detector (EMD) neurons, the mechanism of which has been
analysed in flies with single neuron recordings and single photoreceptor stimulations [11] and
reproduced electronically at our laboratory with SMD technology [12,14]. This EMD circuit
is the keystone of the visual processing implemented in the proposed powerline detection sys-
tem. In section 2, we recall the principle of the patented [13] variable speed micro-scanner
which was firstly implemented onboard robotic platforms at our laboratory [15,16]. A com-
plete description of the system and its performances is given in section 3.

1 PRINCIPLE OF THE DETECTION SYSTEM

Consider a classical imager composed of a matrix of elementary infrared receptors. In
most of the cases, its resolution is not sufficient to detect contrasting objects such as remote
wires, power cables, guide ropes and so on. In the system proposed here, the resolution is
dramatically improved by imposing upon the photoreceptor array, a periodic micro-scanning
movement. The principle of this detection system is based on findings made at our laboratory
on a retinal scanning process that was observed in the compound eye of the fly [10]. In the
next, we consider two neighbouring elements of the photoreceptor array. This photoreceptor
pair thus defines one “cell” of the proposed powerline detection system.



2.1 Description of the detection system

Figure 1 depicts an elementary “eye” composed of a lens (focal length f) and two photo-
receptors placed behind the lens. The (small) angular separation Ag between the visual axes
of these two receptors depends on the linear pitch p of the receptors and the focal length f:

Ap=4 (1)

Visual Axis

Direction of
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Fig 1. lllustation of the scanning principle. Here, a downward translation of the pair of photoreceptors
by an elementary step ¢ produces an upward rotation of their visual axes by an angle AL The angle
Ay is constant and depends simply on the focal length f and the pitch p of the photoreceptors (from

[13)).

Figure 1 shows that a downward displacement of the photoreceptors by an elementary step ¢
is equivalent to an angular rotation (here counterclockwise) of the visual axes by an elemen-
tary angle AE. In the configuration of figure 1, the lens is fixed and the sensor array translates.
In an alternate configuration, the same angular rotation of the visual axes can be obtained by
translating only the lens in front the fixed sensor array [13] or by rotating the whole eye (lens
+ photoreceptors) [15,16]. However, it turns out that it is more efficient to move the photore-
ceptor array than the optics, especially when heavy optical system are used. Thus, our scan-
ning detection system can be seen as a system, the visual axes of which are rotating periodi-
cally at a frequency, an amplitude and a speed depending on the motion law which is imposed
upon the photoreceptor array.

2.2 Simulation of a rotational scanning movement

Figure 2 presents the results of simulations experiments. The particular scanning mode,
at a speed Q)(t) that varies with time is inspired by data on the retinal movements occurring in
the compound eye of the fly [10]. The first phase of each retinal jerk ¥(t) (which occurs at 5-
10Hz in the flying fly) is an exponential function of time. The speed of the angular jerks is
therefore an exponential function of time as well. In the same vein, the pair of photoreceptors



is assumed here to rotate clockwise at an angular speed Q(t) which decays exponentially with
time (fig 2b).

Figure 2 considers the concerted rotation of a photoreceptor pair, placed in front of an
edge occupying 3 positions (indicated 1,2,3) along the x axis. For each of these stationary po-
sitions, Figures 2(c,d,e) give the output from photoreceptors 1 and 2 as they turn clockwise at
the variable angular speed Q(t). In Figures 2(f,g,h), the output from each photoreceptor was
passed through an analog high-pass filter with a cut-off frequency of 20Hz. Each of the two
filtered signals is seen to reach a threshold (dotted horizontal line) at instants separated by At.

The main result of this simulation is that the time lag At depends on the exact position
(1,2,3) of the dark edge along the x axes. The reason for this effect is also shown in figure 2b:
the edge placed at the beginning of the scan phase (position 1 in figure 2b) is seen to be de-
tected at a higher speed than when it is in position 3.

We have chosen to use the angular sensitivity of an insect lens-photoreceptor system as
an optical model of the eye. Unlike insects, in which spatial low-pass filtering naturally re-
sults from diffraction [17], a bell-shaped angular sensitivity can be easily achieved by defo-
cusing the lens (decreasing the distance between the photoreceptor and the lens). The defocus-
ing process has an important role as it permits:

- to smooth out the stiff temporal transitions generated by contrasting objects such

as a dark edge (see figures 2c,d,e).

- to spatially low-pass filter the background and thus remove fine details which can

be at the origin of false detections.

The following step consists in elaborating the visual processing required to measure the
time lag At. The next section is a detailed description of a particular circuit called EMD cir-
cuit whose fonction is precisely to assess the time lag At.
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Fig. 2. (a) Simulated response of a pair of adjacent photoreceptors (fig. 1) rotating clockwise at a
variable angular speed ((t), and encountering a dark edge placed at various positions 1, 2, 3.

(b) Exponential decrease of the angular speed ()(t) and its integral, the angular position y(t). The
three vertical bars indicate for each position the exact moment at which the dark edge enters into
the field-of-view (FOV) of photoreceptor 1.

(c, d, e) outputs of the two photoreceptors 1 and 2, depending of the position of the dark edge
(1,2,3).

(f, 9, h) high-pass filtered version of (c,d,e) (cutt-off frequency: 20Hz) and thresholding of the output
signal from each photoreceptor: the time lag At happens to depend on the angular position 1,2,3 of
the dark edge in the FOV. (from [15]).



2.3 Description of the visual processing steps

The original Elementary Motion Detector (EMD) is an analogue circuit producing an
output signal that decreases as a function of the time lag At between its two inputs. As derived
from an analysis of a motion detecting neuron in flies [11], the electronic analogue EMD is
directionally selective and is able to distinguish between dark-to-light (ON contrast) and light-
to-dark (OFF contrast) transitions. The signal processing scheme used in our EMD circuit is
depicted in Fig. 3. It can be decomposed into 5 steps as follows:

e Spatial low-pass filtering is achieved by placing the photoreceptors between the focal
plane and the lens (defocusing) (Fig. 2b). The cut-off spatial frequency depends on the
amount of defocusing.

e High-pass temporal filtering of the signals in each channel cancels the DC component
and discriminates between ON and OFF transitions.

e Low-pass temporal filtering reduces noise and interferences (e.g. 100-Hz interference
originating from artificial lighting).

e Thresholding and pulse generation are performed on the signals in each channel for
contrast detection.

e Time lag At, between the signals in the two channels, is measured by a counter.
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Fig. 3. Principle of the EMD circuit we constructed (after [11, 12, 14]). The fixed interreceptor angle
Ag (cf. figure 1) causes a temporal shift At between the two signals. In this non linear circuit, At hap-
pens to be fairly independent of contrast.

3. THE PROOF OF CONCEPT DETECTION SYSTEM

3.1 Hardware implementation of the powerline detection system

Referring to the embodiment shown in figure 4, the elementary cell of the powerline de-
tection system includes a lens (focal length 80mm), a photodiode array (from IC-Haus) and a
piezo bimorph actuator (from Physik Instrumente). We installed an electrical and optical
shield (not shown in figure 4) made of blackened aluminium plates on each side of the sys-

tem.



Photodiodes

Piezo bimorph actuator

Fig. 4. Mock-up of the thin wire detection system with its "wiggling retina". The latter is composed of
only two matched photodiodes (length 1.6mm, width 0.3mm, pitch 0.42mm) which are translated peri-
odically at 10Hz (as suggested by the double arrows) near the focal plane of a stationary lens (diame-
ter 30mm, focal length 80mm,) by means of a high resolution, high bandwidth piezo actuator. The lat-
ter is a multilayer piezoelectric bender giving a maximal deflection of 1 mm for an operating voltage of
60V.

Each photodiode of the retina has an active area of 1600x300um. Each photodiode's out-
put drives its own integrated photocurrent amplifier, enabling good noise immunity to the
analog output signal. Current-to-voltage conversion was achieved by a classical transim-
pedance amplifier. Saturation at high illuminances is prevented by installing a circular vari-
able (logarithmic) neutral density filter (not shown here) between the lens and the photodi-
odes. This filter is part of a position servo-loop which makes the DC level of each
photoreceptor's output relatively invariant with the mean luminance.

As described in section 2.2, the scanning law requires that during the first half of the
scan cycle, the angular speed Q2 must decay exponentially with time. The scanning cycle is
completed by having the photodiodes return to their original position at a constant speed. All
in all, we have therefore a two-phase micro-scanning movement :

- during phase (1) (duration: 50ms), the angular speed C)(t) of the eye varies as a decreas-
ing exponential function of time (Fig. 5). The angular position y(t) of the photodiodes'
visual axes will therefore vary consequently as a saturating exponential function of time
(see fig. 2b).

- during phase (2) (duration: 50ms), the angular orientations of the photodiodes' visual
axes return to their original positions (Fig. 5) at a quasi-constant speed.
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Fig. 5. Response of the piezo actuator to the particular scanning law (which translates the elementary
retina see fig. 4) (scanning frequency 10Hz, maximum deflection of 1mm) as described in section 3.1.
The displacement of the tip of the piezo is monitored here by a contactless magnetoresistive sensor
that senses the movement of a miniature magnet ( 1mm3) glued to the tip of the piezo.

Figures 5 shows the linear position of the piezo that was measured by a contactless mag-
netoresistive sensor that sensed the displacement of a minature (0.1 gram) magnet glued at the
tip of the piezo actuator. The two scanning phases (exponential and linear) described previ-
ously, are clearly distinguished. The high fidelity of the displacement shown in Figure 5 is
due to the high bandwidth of the piezo bimorph actuator, which eliminates the need for any
feedback loop, and hence simplifies the drive electronics.

Table 1 summarizes the main characteristics of the detection system.

Optics Focal length: F-Number: 2.66
mm
Photoreceptor Pixel size: 800 x Pitch : 420um Photocurrent Bandwidth: 200kHz
300um? gain: 200
Piezoelectric Dimensions: Operating Deflection: Resonant frequency:
actuator 39x12x0.65mm  voltage: 0 — 60V +450um 360Hz
Overgl)llsdteetrﬁctlon Suppiyq\éc\)/ltage. Supip%glrjl:'&ent. Ap 0,3° Field of view = 0.2°

Table 1. Main characteristics of the proof-of-concept powerline detection system.

3.2 Performances

One of the main challenge of a powerline detection system is its ability to detect a thin elon-
gated object at a great distance.We placed within the visual field of our detection system a
thin bar (width 0.3mm 0.6 and 0.9mm) at a distance D equal to 10m. We changed the orienta-
tion of the line of sight of the detection system gradually in the vertical plane by applying a
ramp composed of a miniature angular step displacements (amplitude one minute of arc, i.e.,
0.015°). Figure 6 shows the signal output of the system versus the vertical angular position of
the contrasting object with respect to the center of the visual field.
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Fig.6 Output signal of the detection system with respect to the angular position of a thin bar placed at
different positions in its visual field. The detection system can locate a thin bar of 0.3mm wide (con-
trast 70%) with a resolution of about 0.01° (i.e, 30 times better than its static angular pitch Ap = 0.3°).

Figure 6 shows that the proposed detection system is able to locate a thin bar (0.3mm
wide) at a distance of 10m within its (0.2°) FOV. This is the minimum width of a bar that the
detection system is able to detect. If we consider the detection range of 1km which is required
by helicopter operators and if we neglect turbulences and other disturbances, our system could
virtually detect a 30mm cable at 1km distance. Furthermore, figure 6 shows that the detection
system is endowed with Ahyperacuity because it is able to locate the bar within its FOV with a
resolution 30 times better than the static resolution imposed by the angle Ap=0.3° (see figure
1).

A bar is not the only type of object that our system is able to detect. Figure 7 shows the
response of the detection system to a contrasting edge placed in its visual field. Flying insects
are equipped with particular sensors called ocelli whose function is precisely to locate a typi-
cal natural contrasting edge: the horizon. Insects use this visual information to stabilize their
attitude arround the pitch and roll axes. The purpose is here to present the capacity of our sys-
tem to detect and locate an edge with a high accuracy as well. It illustrates also the relative
invariance of the detection system to a variation in contrast and its high sensitivity to low con-
trast (4%).
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Fig.7 Output signal of the detection system versus the angular position of the edge placed in its visual
field. The system can locate a contrasting edge with the same resolution as a bar even if the edge
contrast is as low as 4%.

3.3 Discrimination between a bar and an edge

We have shown in previous sections that our elementary detection system is able to detect and
locate contrasting edges or bars with a high accuracy, 30 times better than the resolution im-
posed by the optics. The signal processing steps of the EMD (cf. figure 3) does not give any
knowledge about the nature of the object (bar or edge) seen by the detection system. The reli-
ability of a powerline detection system is characterised by its probability to detect wires and
thus, its ability to discriminate a wire from other objects (such as, e.g., the horizon). In this
work, we also aimed at making the EMD described in section 2.3, selective to bars rather than
edges. Figure 8 shows the new version of the EMD circuit.
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Fig. 8. Enhanced version of the EMD shown in figure 3. The additional processing steps (all-pass and
selective filters) are used to yield two time-lag noted At; and At,. The selective filters are centered ar-
round the 10Hz scan frequency. In the case of an edge seen by the detection system, the fundamental
frequency of the signal in channels 1 and 2 is 10Hz and thus, both At,; and At, are available. But in the
case of a bar, the fundamental frequency is 20Hz. Then, the amplitude of the selective filter's output
signal is below the theshold and only At; is available.

As described in section 3.1, the scanning frequency of the detection system is 10Hz. When-
ever a contrasting edge is detected, the fundamental frequency of the signal in each visual
pathway (called channels 1 and 2) will be also 10Hz because only one contrast transition is
seen during a complete scan period. If a bar is detected, the fundamental frequency will be
20Hz. Thus, we can consider the following equation which links the spatial frequency with
the temporal frequency of signal collected at the output of each photoreceptor :

Ji=nfs )

with f; the temporal frequency of the photereceptor's output signal, n the number of contrast
transitions encountered during one scanning period and f; the scanning frequency (here 10Hz).

Equation (2) reveals an important characteristic of the scanning process which transforms a
spatial frequency into a temporal frequency. This property was originally formalized by Lan-
dolt et al. [19] on the basis of studies on retinal movements occurring in the jumping spider's
eye [20]. The new version of the EMD shown in figure 8 exploits the property of equation (2).
The selective filters are centered arround 10Hz and the all-pass filter are used to compensate
for the time-lag introduced by the negative phase of the selective filters. Considering equa-
tion (2), an edge gives a temporal frequency f; = 10Hz while a bar gives f; = 20Hz. In the first
case (edge), two time-lag At; and At, will be available whereas in the second case (bar), only
At; will be available. By comparing, At; with At,, step 3 shown in figure 8 gives to the EMD a
strong selectivity and thus, the ability to discriminate a bar from an edge, whatever the width
of the bar.

11



3.4 Enlarging the Field-of-View (FOV)

Figure 9b shows an enhanced version of figure 1 where the local visual field A¢ is replicated
as many times as adjacent pixels. Imposing the micro-scanning movement upon the whole
retina presents three main advantages :

- a large FOV can be obtained, depending on the size of the retina.

- a low resolution imager can be used because of the hyperacuity property (cf. sec-
tion 3.2) wich will be retained within each local visual field A¢. The only re-
quirement is here to replicate all the signal processing steps (n-1) times for a ret-
ina containing n pixels.

- a custom-made 1D retina made of filiform photoreceptors (see figure 9a) can be
used to improve the detection of cables.

Retina's shape adaptation to the type of objects that has to be detected is not a new prin-

ciple. Male jumping spiders have been claimed to exploit largely the combination of

such retinal micro-movements with an elongated retina to improve its capability to detect

the legs of its female conspecific [20].
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Fig. 9. (a) 1D retina made of filiform photoreceptors meant to improve the detection of horizontal lines
(cables, wires...). (b) N pixels with (n-1) elementary local visual fields Ap, can make for a large FOV
while retaining the property of hyperacuity within each interreceptor angle Ag.

4 CONCLUSION

The detection system presented here is a proof-of-concept device aimed at non emissive, low
cost, low weight and low power consumption powerline detection systems. The principle of
this detection system relies on particular micro-movements imposed upon a retina made of
infrared photodiodes. Our prototype was composed of a lens (focal length 80mm), an elemen-
tary retina (composed of only two elongated pixels) mounted at the tip of a piezo-actuator. On
the basis of the retinal microscanning process that we identified several years ago in the fly
compound eye [15], we made the piezo-actuator perform a periodic scanning movement at
10Hz. We have shown that the bio-inspired particular scanning law imposed to a retina
mounted behind a fixed lens, overcomes classical optical limitations in terms of:



- detection beyond the resolution limit (minimum visibile). The system is able to see
a thin bar of 0.3mm at a distance of 10m giving a potential detection of a cable of
3cm diameter at 1km.
- localization beyond the resolution limit (hyperacuity). The system can locate a
contrasting object with a resolution 30 times better than the angular pitch Ae.
By modifying an existing design of the EMD circuit, we integrated the ability to discriminate
a bar (wire) from an edge (e.g, the horizon). The criteria implemented is entirely based on a
fundamental property of the scanning process which transforms spatial frequencies of the
scene into temporal frequencies at the photoreceptor level.
The width of the FOV of the detection system is a critical parameter because it should be
large enough to detect objects that would interfere with reasonable flight trajectories. How-
ever, we have shown that the FOV can be increased by using one ore several off-the-shelf
imagers or custom-made retinae with photoreceptors whose shape is in conformity with the
object (cable) to be detected (Fig. 9). A similar scanning principle could be used for enhanced
infrared goggles for helicopter pilots. In our approach where we take lessons from nature, we
are working on the design of an 1D retina made of filiform photoreceptors to improve the ca-
pability to detect filiform objects. We are investigating achitectures based on FPGA to inte-
grate all the signal processing steps of the detection system.
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