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ABSTRACT

EVALUATION AND FIELD APPLICATION OF AN OPTICAL SENSOR THAT
DETECTS FLYING INSECTS

By

Meghan Suzanne French

An optical sensor that was designed to remotely detect flying insects (OFIDIS;
www.qubitsystems.com) was evaluated outdoors under full sunlight. Shadows cast by an
artificial insect (an electric toothbrush oscillating at 53 Hz over a 120° angle), were
detectable up to 35 m away from the sensor: they weakened with distance at a rate of
y=90%%11* (’=0.9 at p < 0.001). Shadowed signals were undetectable when sunlight
intensity was reduced below 20,000 lux. Sunlight signals reflected from a mirror
attached to the oscillating toothbrush remained detectable and strong (y=-0.24x + 86; * =
0.33) beyond 25 m. The ability of this sensor to detect differences in abundance, as well
as density in flying insect populations, was evaluated in three replicated site types: old-
field, wetland, and parking lot. Insect signal abundance (based on differing fundamental
wing-beat frequencies of each signal) at both old-field and wetland locations were higher
than that of the parking lot and control (F=8.85; df=8; P>0.0001). Signal richness was
greatest in the old-field (R=259) and least rich in the parking lot (R=88). However,
diversity was greatest at the wetland (H' = 2.26; H'nax = 2.7), showing a high richness that
was most evenly distributed from 100-1000 Hz. Combined with an appropriate data
logger, this year 2000 sensor is a promising development for remote sensing of insects

with wing-beat frequencies over 100 Hz, notably Diptera and Hymenoptera.
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Chapter 1
Introduction to insect wing-beat frequencies, harmonics, and their

application to insect detection

I. The Phenomenon to be explored

A female mosquito buzzes near your head on approach for a blood meal. The
regular, high frequency beating of her tiny wings generates the necessary lift and thrust
for this oriented flight, now near completion. However, these diminutive creatures are
not always sufficiently stealthy to secure an uncontested meal. A by-product of even tiny
beating wings is compression waves in air that, if generated in proximity to the human
ear, are sufficiently energetic to set one’s eardrum vibrating synchronously with her wing
beats. The resultant high-pitched “whine-of-the-mosquito” is unmistakable to the
experienced human host, causing us to cringe and swat in an attempt to avoid the
imminent bite.

The core question to be explored in this thesis extends from the above commonly
experienced phenomenon, in which, unintended cues emitted by the actions of one
organism can sometimes be exploited as useful information by another. That question is:
Do flying insects produce sufficient physical cues during flight to enable notable
advances in rapid and remote detection, quantification, and possible identification by
humans extending their natural sensory capabilities via available tools and techniques of

the modern electronic age?
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II. Mechanisms of insect wing beat

A. Flight powered by direct flight muscles. Insect wings are comprised of a short
basal and longer distal shaft separated by a pivot point (Figure 1). “Primitive” insect
orders like Odonata and Blattodea, contract elevator muscles attached directly to the
basal shaft (Figure 1) to raise their wings. However, some authors (Brodsky 1995,
Chapman 1998) suggest that indirect muscles are involved in wing elevation in some
Odonata. There is full agreement that direct, depressor muscles, attached to the distal
shaft just beyond the pivots, power the down-stroke. A series of smaller muscles (not
shown in Figure 1) also attached directly to the wings govern lift, speed, and steering by
regulating wing rotation, angle of attack, and exact stroke plane (Gullen and Cranston
1994; Dudley 2000). The up and down movement of a wing within the stroke plane is
known as a wing beat.

Direct flight muscles are characterized as synchronous -- in the sense that delivery
of at least one action potential to the neuro-muscular junction is necessary for every
contraction (Dudley 2000). Since there is an upper limit to action potential frequencies
(rarely sustained at > 100/s) and that only a few neurons innervate single muscle cells
(Chapman 1998), wings powered entirely by direct muscles are restricted by this neural
frequency limit.

The flight system of insects powered by direct flight muscles is often
characterized as a primitive system (Brodsky 1995) associated with clumsy fliers like
stoneflies, lacewings and roaches. However, under certain selective forces like predation,
direct flight muscles can yield outstanding flight speeds and maneuverability, e.g.,

dragonflies.



Tergite

Dorso-ventral indirect
flight muscles

Sternite (c)

point Longitudinal indirect
flight muscles

muscle

Direct depressor

Figure 1. Direct ((a), (b)) and indirect ((c), (d)) flight mechanisms. Dragonfly
thorax during (a) upstroke and (b) downstroke of the wings. House-fly thorax
during (c) upstroke and (d) downstroke of wings. Stippled muscles are those
contracting in each illustration. (Modified from Gullen and Cranston, 1994
with permission from Kluwer Publishing)



B. Flight powered by indirect flight muscles. Most flying insects power the

strokes of their wings by massive indirect rather than direct muscles (Chapman 1998).
Indirect flight muscles, attached to the walls of the thorax, are comprised of opposing
muscle groups that distort the thorax in such a way as to raise and lower the wings of an
insect by means of a pivot (Figure 1). Contractions of a dorso-ventral set of indirect
flight muscles anchored to sternites and tergites of the thorax cause the thorax to
compress dorso-ventrally and the wing to rise. Contractions of a set of longitudinal
indirect flight muscles anchored to the anterior and posterior thorax causes the thorax to
shorten longitudinally and the wings to move downward. Rather complex sets of non-
massive direct flight muscles imbedded in the thorax and attaching directly near the wing
base control such features as wing rotation, angle of attack, and realized stroke-plane. In
essence, the indirect flight muscles generate power for flight, while the direct flight
muscles govern how that power will get translated into lift, speed, and steering. In
actuality, the wing-beat strokes of most insects are better represented as a ‘figure 8”
rather than a simple up-down stroke.

The opposing indirect muscle sets are activated by action potentials delivered by
motor neurons under control of a neural central pattern generator located in the thoracic
ganglia (Chapman 1998). The action potentials are delivered to the respective neuro-
muscular junctions in a coordinated pace that causes only alternating and never
simultaneous contractions of opposing muscle groups. In fact, the complementary nature
of these opposing muscle groups is so well refined that the stretch received upon
contraction of either one of the pair is often a sufficient stimulus for immediate counter-

contraction of the other. In this sense, this type of muscle system acts as a mutual
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oscillator that, once activated, can sustain its impetus for a burst of cycles before needing
to be reinforced by another action potential.

Such flight muscles capable of multiple contractions per arriving action potential
are termed asynchronous (Dudley 2000). A distinct advantage of this arrangement is that
such insects can generate oscillation rates well in excess of the maximum possible rate
for sustained delivery of action potentials (Brodsky 1995). Of course, this condition of
having rates of muscle contraction exceed the limits for neural signal delivery can
develop only concurrently with extraordinary designs for energy-efficient muscle
contractions and oxygen-delivery systems. Both of these conditions are exemplified by
the flight muscles of the higher insect Orders (Coleoptera, Hymenoptera, and Diptera)
exhibiting highly ordered muscle fiber substructures (actin, myosin, and their
attachments), an extraordinary number of mitochondria (Dudley 2000), and dense and
regularized distribution of trachea throughout these muscles (Chapman 1998). While
both the direct, synchronous and indirect, asynchronous flight mechanisms are found
within fliers of extraordinary speeds and agility (e.g., dragonflies vs. bees and flies
respectively), the indirect design is judged superior energetically (Dudley 2000).

II1. Ranges in insect wing-beat frequencies

Insect wing-beat frequencies, usually expressed as cycles per second (Hz), vary
depending on such factors as wing morphology, body size, body mass, and neuro-
muscular mechanisms of power generation. Wing-beat frequencies for most insect
Orders fall below 100 Hz (Figure 2). Non-Dipteran, aquatic insects have relatively
small ranges, all falling below 100 Hz. Some Lepidoptera have the lowest wing beat

frequencies ever recorded, with a total range typically between 4 Hz
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to 80 Hz. Only the Hymenoptera and Diptera markedly exceed the wing-beat
frequencies of all other orders. No Hymenoptera beat their wings slower than ca. 70 Hz
and most exceed 100 Hz, while midges can have wing beats as high as 900 per second.
Diptera may be able to achieve such high wing-beat frequencies because they only need
to energize two wings, while stabilizing themselves with halteres.

Wing-beat frequency does not necessarily determine the speed of insect flight.
For instance, fast flying dragonflies are able to use an array of direct flight muscles to
rotate their wings in such a way as to highly vary their flight speed and direction while
defending their territory (Chapman 1998). But, they do this at low (well below 100 Hz)
wing-beat frequencies. Butterflies also have a low wing-beat frequency and move at
lower speeds than the dragonfly. However, butterflies are tremendous gliders, allowing
them to conserve energy while in flight.
IV. Factors influencing wing-beat frequency

A. Body mass. Dudley (2000) established that body mass within various insect
Orders is generally inversely correlated with wing-beat frequencies (Figure 3).
Specifically, this pattern was observed by Casey et al. (1985) for contained, hovering
euglossine bees (Euglaema-Eufriesea spp.). They exhibited a significant correlation
(-0.347+ 0.048x + 1.992; ¥ = 0.902; p< 0.0001) with a body mass range of 0.1 gto 1.5 g
and a respective, correlated wing-beat frequency range of 90 Hz to 240 Hz. Female
mosquitoes whose mass increased after a blood meal were reported to decrease their
wing-beat frequencies from 437 Hz to 433 Hz, or by approximately 2.4% (Ogawa and

Kanda 1986).
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Figure 3. Wing-beat frequencies as they relate to respective log body mass (g )
for some insect orders and one hummingbird family (Trochilidae). Data were
compiled and plotted by Dudley 2000. Permission to reproduce this figure
with some modification was granted by Princeton University Press.
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B. Wing size. An inverse relationship with wing-beat frequency holds for insects
with large vs. those with smaller wings. Lepidoptera and Odonata have relatively large
wings and lower wing-beat frequencies compared to other Orders. Even within a
particular Genus, there can be considerable variation. Joos et al. (1991) studying free-
flying bumblebees showed mean wing-beat frequencies of ca. 155 Hz and increased by
up to 13 Hz per 2 mm change in wing length (y=166.4x%’; 1’ = 0.88). Increased wing
length was likewise correlated with slower wing beats in tethered, anopheline mosquitoes
(Ogawa and Kanda 1986). Specifically, their mean wing-beat frequency ranged from 250
Hz at 5 mm wing length to 550 Hz at 2.0 mm wing length.

C. Maturation. Wing-beat frequency of a given species of hemi-metabolous
insect is reported to change with maturity. For example, Australian locusts increased
their wing-beat frequencies two-fold during the first few days as adults (Altman 1975).

In addition, wing-beat frequencies of 2-day old male mosquitoes were observed to be up
to 300% faster than those immediately eclosed, an increase from 200 Hz to 600 Hz
(Ogawa and Kanda 1986). This trend was also observed by Moore et al. (1986), who
showed that male Aedes aegypti (Say) increased their wing-beat frequencies by up to 150
Hz within their second day as adults.

D. Type of behavior. Insect behaviors affect wing-beat frequency. As insects take

off, land, switch directions, hover and glide they modify the angle of their wings and in
some cases, wing-beat frequencies. In experiments with tethered vs. free-flying
Australian locusts, the free-fliers beat their wings 13% (3 Hz) faster (Baker et al. 1981).
A study by Spangler (1993) compared four behavioral types of the honeybee (Apis

mellifora L.) to show that tasks can affect mean wing-beat frequencies. Specifically,



Arizona honeybee robbers had a mean wing-beat frequency of 235 Hz, while Arizona
foragers had a mean of 220 Hz (2% difference). In a study that compared freely flying
foraging and hovering bumblebees (Joos et al.1991), mean wing-beat frequencies for
both groups differed by a mean of 4 Hz (3%).

These studies suggest that wing-beat frequency may vary more between castes in
the social insects than between individuals behaving similarly. Dudley (2000) believes
that wing beat frequencies of insects within an *“unchanging behavioral context” remain
consistent. He reasons that insects exhibiting a given behavior will settle on a common
wing-beat frequency that represents an energy optimization.

E. Thoracic temperature. Physiological and environmental factors can influence

insect wing-beat frequencies. Studies relating thoracic temperature to wing beat
frequency show mixed effects. For instance, Ortelli (1989) reported that during take off
flight, the beetle Dineutus americanus (Coleoptera: Gyrinidae) decreased its wing-beat
frequency as its thoracic temperature increased (y =-1.81£1.76x + 136.35 £8.88). But
this was not the case in the other beetles he studied; either there were no effects of
temperature or slight increases in wing-beat frequency were observed as thoracic
temperatures increased. The greatest effects of temperature were observed in individuals
of four Coleopteran families Scarabaeidae, Elateridae, Cantharidae, and Chrysomelidae,
suggesting that variation is not taxon specific. Interestingly 3 of the 4 families had the
highest mean wing-beat frequencies of all of the beetles tested and also showed high
ambient temperature sensitivity in their wing beats. Japanese beetle (Popillia japonica
Newman) was most affected by an increase in thoracic temperature; as temperature

increased from 33-43 °C wing beats increased from 113-140 Hz.
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Studies with bumblebees (Joos et al. 1991) showed no correlation between wing-
beat frequency and thoracic temperatures, while studies with dragonflies (Tetrgonneuria
cynosura) (May 1981) showed that even after they warmed-up for flight, body
temperatures continued to increase and so did their mean wing-beat frequencies by up to
20 Hz (50% increase). Even during free flight, dragonflies can have wing-beat frequency
changes up to 10 Hz. These studies seem to suggest that consistent wing-beat
frequencies are more readily found among insects, such as bees, that use asynchronous
rather than synchronous muscles.

F. Air temperature. Ambient air temperatures also affect wing-beat frequencies of
insects. They have had significant effects on the mean wing-beat frequencies of Centris
pallida (Hymenoptera: Anthrophoridae); a 40 Hz decrease occurred down to 210 Hz
between 25° and 35° (Roberts et al. 1998). The authors suggested that this decrease
might have been due to water loss from the insect in response to the higher temperatures,
and /or the decrease in metabolic rate.

Foraging, stingless bees, (Trigona jaty F. Smith), increased their mean wing-beat
frequencies from 180-300 Hz between 22° and 32° C (Unwin and Corbet 1984).
However, only slight changes in mean wing-beat frequency occurred among three groups
of flies studied: Calliphora vicina (5.4+ 0.04 Hz), Drosophila melanogaster (2.9+ 0.04
Hz), and Musca domestica (2.9+ 0.04 Hz) (Unwin and Corbet 1984). The results agreed
well with the original measurements made of these flies by Soltavalta (1947).

In other studies with honeybees, little or no effect of air temperature was seen
among individuals (Spangler 1992), but mean wing-beat frequencies of free flyers did

comprise a range of 152-278 Hz. Spangler believes that the differences in wing-beat
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frequencies of freely flying honeybees resulted from fluctuations in thoracic temperatures
occuring when insects are thermo-regulating before and during flight. This information
again suggests that constancy in wing-beat frequency can be influenced by behavioral
state, particularly warm-up.

While it is important to understand the factors that may be influencing the wing-
beat frequencies of insects, the context of the studies should be noted. Insects that are
confined (Moore 1996) or tethered (Baker et al. 1981) or hand-held (May 1981) may be
behaviorally constrained, unable to reach and maintain the maximum wing-beat
frequency they typically can in nature. These studies tell us something about fluctuations
in wing-beat frequencies, but they all have constrained the insects in some way, making
the possibility of fluctuations in wing beat greater.

The greatest constancy is likely to be found among insects with the indirect flight
muscles system equilibrated by sustained flight. However, species identifications purely
on the basis of fundamental wing-beat frequency are judged unlikely.

V. Wave properties of insect wing beats: Harmonic content

The flexible body parts of a flying insect represent a medium that can express
complex wave properties under the influence of the strongly oscillating flight muscles in
the thorax. In this context, membranous wings can be thought of as flexible wands
anchored at the pivot (Figure 1), and the muscles powering wing beat can be considered
on-going generators of highly regular and energetic waves imparted to the wing shaft, as
well as surrounding body parts. The physics of this system can be approximated by more
familiar models like a human hand regularly imparting waves into a stretched rope whose

other end is fixed, or to the plucked string of a familiar musical instrument. Let us now
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consider some of the most important properties of such resonating systems in preparation
for more complex analysis of insect wing beat that goes beyond simple fundamental
wing-beat frequency.

Different musical instruments (e.g., guitar vs. banjo) sounding the identical note
(e.g., middle C) vary in tonal quality as influenced by each instrument’s size, shape,
mass, and material composition. Each emission begins with the pluck of a stretched
string (Figure 4 A). Initially, the guitar and banjo string can be expected to vibrate with a
common fundamental frequency assignable to the condition where the full string
alternates between being either bowed up or bowed down (Figure 4 B). However, this
condition quickly becomes more complicated (enriched) as the wave propagating along
the string reaches an end and is reflected back into the string repeatedly. Following well-
established physical laws governing all types of waves (Berg and Stork 1995), a series of
standing waves arises exhibiting nodes precisely at 1/2, 1/3, 1/4, etc. the total length of
the vibrating string (Figure 4 C — E). The loops of string between these respective nodes
vibrate at even integer multiples of the fundamental frequency as set by the total number
of loops of one given length. Thus, a length of string between nodes of short spacing
vibrates at a much higher frequency than that between distantly spaced nodes. The term
harmonic and a number reflecting the fold increases over the fundamental are assigned to
these discrete ascending steps in vibration frequency (Figure 4).

The collection of harmonics associated with a given fundamental vibration is also
referred to as its overtone series (Berg and Stork 1995). It turns out that the number and

relative intensity of harmonics varies for different instruments sounding the identical
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Figure 4. Representation of the lower harmonic series of possible standing waves
in a stretched string.
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note. However, it is important to recognize that the fundamental vibration need not
always be the most intense, and that certain harmonics in an ascending series may appear
minor or absent. It is the relative patterns in harmonics that impart richness in tonal
quality to the human auditory system. Indeed, the overtone series for a guitar vs. banjo
sounding middle C are distinct. We listeners learn to associate unique patterns in
overtones to particular instruments or particular voices.

In actuality, the vibrations shown in Figure 4 B — E occur simultaneously. Thus,
the condition of the pure standing waves shown in Figure 4 would not be visible to the
careful observer of the plucked guitar or banjo string. The actual pattern in standing
waves along the length of string would be a summation even more complicated than the
simple summation shown in Figure 5 for a fundamental vibration (1* harmonic) summed
with its 2" harmonic. Fortunately, software for analyzing complex vibrations and
visualizing patterns in harmonics is now readily available (Canary® 1.2.4 at
http://birds.cornell.edu/BRP/SoundSoftware.html and TRex® 2.0 at
www.qubitsystems.com).

Harmonic theory can be applied to the waves generated by insect wings.
Knowing that insects differ in size, shape, mass and flight behaviors, we can expect
insects to differ somewhat in harmonic patterns of wing beat. The extent to which this is
true is partially revealed by the data of this thesis and of high importance to the future of

this type of research.
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VII. Developments in remote sensing of insects

Remote sensing may be defined as the collection of information about an object
without being in physical contact with the object (Sabins 1987). Sabins further stated
that the term remote sensing is restricted to methods that employ electromagnetic energy
as the means of detecting and measuring target characteristics. Based on this definition,
it seems plausible that anything from cameras to radar detectors used in the history of
entomology are indeed remote sensing instruments.

Entomologists have historically relied on aerial photographs and satellite imagery
to assess insect damage to crops and forests (Riley 1989). Distance photographs allow
researchers to observe changes over vast geographic areas that may not be as easily
summated by local measurement of damage. However, there may be disadvantages to
this more sophisticated methodology, including the financial and time costs of gathering
the data. Up-to-date satellite images of specific areas on earth are not always easily
available and usually come with a cost to the researcher.

Videography is commonly used to capture insect behavior as it applies to insect
movement. Aphid flight patterns have been monitored using camera techniques (Hardie
and Young 1997) and three-dimensional moth flight trajectories have been mapped for
fliers too low to the ground for accurate radar detection (Riley et al. 1990). The response
of drones to queen bee pheromone has also been captured by videography (Loper et al.
1993).

Application of radar systems to the monitoring and detection of insect biota has
met with considerable success. Radar techniques have included Doppler, harmonic,

tracking, and millimetric-wavelength radar (Riley 1989). Radar systems have been used
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at a macro-level to track the movement of migrating locusts (Riley 1980 and Schafer
1976 cited by Riley 1989) and to ascertain insect flight migration trajectories (Hobbs
1989; Rui-Lu et al. 1989). Used in localized experiments, radar systems have detected
and documented moths following a pheromone plume (Riley et al. 1998) when these
behaviors could not be captured on video because of the long flight distances involved.
Radar has also been used to remotely sense ground beetle movement (Mascanzoni and
Wallin 1986). Radar offers many benefits for monitoring insects, such as the ability to
collect and record real-time data. In addition, radar is thought not to harm the insect or
modify its behavior during a study. Unfortunately, the high cost of using radar reduces
the practicality of this tool for daily or seasonal insect monitoring.

VIII. Measuring wing-beat frequencies

Insect wing beats were first catalogued and published by Sotavalta (1947).

Amazingly, this researcher measured wing-beat frequencies over 100 insects by simply
listening to them and assigning frequencies based on his perfect pitch (Sotalvalta 1947).
This is an uncommon ability. More typically, quantifying wing-beat frequency has more
recently relied on microphones placed closely to the insects of interest (e.g., Ogawa and
Kanda 1986; Roberts et al. 1998). The recorded sounds are analyzed through an
oscilloscope or sound-analysis computer software. Microphones coupled to a system for
amplifying and recording signal are cheap and portable tools for researchers. However,
microphones can detect sounds from insect wings only when positioned within a short
distance (often less than 1 m). Intensity of the weak acoustical signal diminishes with the
square of distance. Therefore, microphone use has been limited to typically experiments

where the target insects are contained within small cages. Other interesting techniques
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for recording insect wing beats included the use of high-speed film photography (Baker
1981) and electromyographic (EMG) recordings (Foster and Robertson 1992). Both of
which require researchers to be present during the study.

Detection of insect activity (including flight, but not wing-beat frequency) was
also made easier with the advent of electro-static actographs (Backlind and Ekeroot 1950
as cited by Berry 1972; Edwards 1960; Berry 1973) and later versions using infrared
(Eaton 1980) and radar (Buchan and Moreton 1981; Schaefer and Bent 1994). These
technologies are beneficial in that they can run in the researcher’s absence. More
esoterically, Macauley (1974) was able to use thermal gradients disturbed by flying
moths to detect insect flight. While these types of sensors were used only to measure
activity and not wing-beat frequencies, their automated data collection and circuitry
design became foundational in the development of newer, optical sensors.

Unwin and Ellington invented an optical tachometer in 1979. This device
detected and amplified minute changes in light intensity across the surface of a photo-
diode as modulated by the movement of the body parts of flying insects even decimeters
away from the sensor. From the optical tachometer signal, fundamental wing-beat
frequencies of insects could be extracted by oscilloscopic analysis.

More specifically, the device was comprised of a lens and a photo-diode
integrated into an amplified circuit board. The unit was battery powered and had a
simple electrical analogue output recorded over time on devices such as a tape recorder.
The system was used to detect wing-beat frequencies of bees and flies in Costa Rica
(Unwin and Corbet 1984) as well as various beetles during Oertli’s (1989)

thermoregulation work.
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Dr. Aubrey Moore of Ottawa, Ontario, Canada has, over the last 15 years,
substantially improved optical tachometer technology. This research yielded the Optical
Flying Insect Detection and Identification System (OFIDIS) now manufactured and
distributed by Qubit Systems® (www.qubitsystems.com), of Kingston, Ontario, Canada
for use as a remote sensing, pest-monitoring tool for field use. The system has two main
components: 1) An optical sensor (Figure 6) with imbedded photocell inside, and 2) wave
analysis software called TRex 2.0. The sensor’s photocell is able to detect very rapid
changes in light intensity (beyond 1000 Hz) caused by insect wing beats in the presence
of sunlight or an artificial light source. Insects can either diminish light falling on the
sensor by shadowing it, or increase the light on the sensor’s surface by reflecting light
onto it. The millivolt electrical changes in the sensor circuitry can be amplified and
recorded as raw electrical signal using a digital recording device, such as a mini-disc
player. The individual signals can then be analyzed for their fundamental frequencies as
well as harmonic content. Dr. Moore postulates that harmonic patterns may be taxon-
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