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Abstract

Mosquitos, sometimes carrying deadly diseases such as malaria, zika, and dengue fever, cause much concern. To control
mosquitos, it is important to effectively monitor their presence and behavioral trends. We have constructed two optical sens-
ing systems for insects based on light attenuation and light backscattering, respectively. The systems, which were tested
with the potentially dangerous Aedes albopictus and Culex pipiens, were able to extract the wing-beat frequency, when they
passed impinging light, derived from light-emitting diodes. We could achieve distinction between the sexes of A. albopictus
and C. pipiens based on the wing-beat frequency. Finally, we propose a statistical method suitable for the system to improve

the accuracy of counting.

1 Introduction

Mosquitoes are the most dangerous animals in the world. It
is well known that about 200 million people will be infected
with malaria every year and kill at least 500,000 people
following bites from female Anopheles mosquitos [1-3].
These amazing numbers are increasingly catching world-
wide attention. Pesticides are used as counter-measures
and anti-malarial drugs are formulated. However, with the
mosquitoes developing resistance to pesticides as well as
to drugs, the situation becomes aggravated. In addition to
malaria, mosquitoes carry about 100 other diseases, such as
dengue fever [4, 5], zika, and yellow fever [6]. According
to statistics, about 800,000 people are annually killed by
mosquito-borne diseases. Therefore, effective monitoring of
the type and distribution of mosquitoes is very important to
reduce the harm caused by these dangerous disease vectors.

People are often interrupted by mosquito interference, at
work and at rest, and can, with sufficient attention accurately,
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identify the number and type of mosquitoes through vision
and hearing. The eye acquires the structural characteristics
of the mosquito, while the ear recognizes the sound of the
wing beats. In the same way, insects can be captured by
cameras and microphones. Electronic recordings are inspired
by human recognition, as employed in the following two
approaches:

1.1 Image tracking

Images of insects are recorded at different angles by a cam-
era followed by identification based on the characteristics
features [7-9]. This method not only requires a high acqui-
sition speed of the camera to quickly acquire insect images
in flight, but also requires sufficient contrast of the back-
ground [10, 11]. Using infrared radiation in the recordings,
the insects are thought to be less affected by the detection
procedure [12, 13]. The image tracking method can achieve
high accuracy by observing mosquito flight details. How-
ever, this method is not suitable for a wide range of monitor-
ing, and also obtains a large number of useless images which
increases the difficulty of analysis.

1.2 Acoustic tracking

When insects flap their wings, sound with a special fre-
quency is produced, and the pitch of the sound is related
to the type of insect [14]. Using a microphone to monitor
insects provides a simple and less costly method than image
tracking [11]. However, it is difficult to use the microphone
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efficiently due to environmental influences and because of
the limited range of sound propagation [15].

Recently, new approaches based on optics have also
emerged. Brydegaard et al. developed CW lidar techniques
to monitor insects based on light scattering with fast read-
out capability to ensure the capturing of wing beats [16-21].
Potamitis et al. used photoacoustic as well as optical sensors
to monitor insects [22—-26].

In the present paper, we propose a method of combining
optical counting with mosquito trap techniques to increase
the probability of insect encounters. Two optical counting
systems, based of optical shadowing and light backscatter-
ing, respectively, were constructed and used to increase the
accuracy of mosquito counting. Our method has a low cost
(in the order of 50 EURO, excluding the optional commer-
cial amplifier, the commercial trap, and the computer with
its data acquisition card) and could be expected to be useful
in a wide range of mosquito surveillance.

2 System descriptions

We use two optical methods (shading and scattering) to
count and identify mosquitoes.

2.1 Scattering counting system

We fixed four LEDs (CH-HQ-1W, Chenhui Optoelec-
tronic Factory Outlet Store, China), each emitting 1 W at
a center wavelength of 940 nm at the focus of a Fresnel
lens group (MYlens-d55, focal length 25 mm, Shenzhen
Meiying Technology Co., China), as shown in Fig. 1. A
beam having a certain divergence angle is emitted from
the LED array, and the Fresnel lenses collimates the light
to form a uniform detection area. To avoid the influence
of the external light and the stray light from the LEDs,
we installed the detecting photodiode (BP104F, OSRAM
Opto Semiconductors) centered in the collection channel
and looking vertically downwards into the system dark
interior, towards a suction fan. A 940 nm band-pass filter

Fig. 1 Counting system based
on light scattering. a Pho-
tograph of the experimental
arrangement of the scattering
counting system. The inside

of the system is covered with
black, diffusing material to
reduce stray light. b A cross-
sectional view of the scattering
counting system. The installed
photodiode and band-pass filter
are shown separately
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(8% 0.7 mm, Shenzhen Infrared Laser Technology Co.,
China) is mounted in front of the photodiode to suppress
daylight. When an insect passes the light beam, an oscilla-
tory scattering light signal is received by the photodiode.
The photocurrent generated is then boosted by an ampli-
fier. We made some changes to a commercial amplifier
(C7319, Hamamatsu Optoelectronics, Japan), to increase
the multiplication factor of the original amplifier by five
times, reaching 5x 10”.

2.2 Shading counting system

In the other geometry adapted, the shadow caused by
the insect when passing the emitted light is instead uti-
lized, and the signal from the detector is then transiently
reduced. Our set-up is shown in Fig. 2. We placed four
LEDs (L-34F3C, Kingbright Electronic Co, Ltd., China)
and four photodiodes (BP 104F, OSRAM Opto Semicon-
ductors) at the foci of the Fresnel lens groups, as shown
in Fig. 2b). The LEDs emit a beam of light through the
first Fresnel lenses (focal length 25 mm); the light passes
with parallel beams through the detection area, and is then
focused on the photodiodes by the second set of Fresnel
lenses (focal length 25 mm). When compared with the
previous system, the peak wavelength of the LEDs is still
940 nm, but the shading counting system uses a much
lower LED power of 80 mW. When the mosquito passes
through the collimated detection area, the photocurrent
of the photodiode changes accordingly due to the shad-
ing of the light. The varying photocurrent is amplified
by the circuit shown in Fig. 3. The photodiode receives
the maximum photocurrent signal when no object passes
through the detection area. Since the light intensity then
remains the same, the photocurrent passing through the
AC-coupled amplifier is zero. When a flying object passes
through the detection volume, the intensity of the light
received by the photodiode is modulated, resulting in an
oscillating photocurrent, which is amplified.
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Fig.2 a Photo of the experi-
mental arrangement of the
shadowing counting system.

b Detailed display of the four
infrared LEDs @, the four pho-
todiodes ®, and the two Fresnel
lens groups @
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Fig.3 AC amplifier circuit for the shadowing counting system

3 Measurements and results
3.1 System testing

We used Aedes albopictus and Culex pipiens insects to
test the two counting systems, first separately, then in a
tandem arrangement. The first type of mosquito can, when
infected, carry dengue and zika virus, while the second
one can cause Japanese encephalitis. A signal of a passing
mosquito, as recorded by the scattering counting system
is shown in Fig. 4. Because of a substantial level of back-
ground light, as scattered from the system interior also in
the absence of a passing mosquito, a steady-state signal
level of about 2 V is generated, actually with a weak 50 Hz
signal superimposed due to insufficient shielding of the
power supply. A passing mosquito gives rise to a signal
increase of about 0.1 V. Figure 4b shows an expanded part
of the signal of interest caused by an A. albopictus. The
oscillating signal from the beating wings is seen superim-
posed on the much slower increase in scattering caused
by the passing insect body. The transformation from the
time domain to the frequency domain of the wing-beat sig-
nal is shown in Fig. 4c featuring a fundamental wing-beat

frequency of about 800 Hz and also several harmonics,
reflecting the fact that the signal is far from a pure sinus
wave.

In a test of the shadowing counting system, we restricted
the recording to the two middle photodiodes. The outputs
of the photodiodes were directly connected to two channels
of an oscilloscope after boosting with amplifiers, as shown
in Fig. 3. The signals are shown in Fig. 5. Both photodiodes
monitored the wing-beat signal of the Aedes albopictus, with
a time separation between the two signals. We performed a
transformation to the frequency domain of the two signals,
as shown in Fig. 5b, c. The signals have the same wing-beat
frequency. It seems that the insect has chosen a trajectory
which sequentially passes through the detection volumes of
both photodiodes.

3.2 Species and sex distinction

To further improve the performance of the technique, also
for allowing possible distinction between species and sexes,
the two counting systems and a commercial mosquito trap
(Biogents, Regensburg, Germany) are connected in series,
as shown in Fig. 6. Such a combined system has advantages
in the operation, since it does not only improve the accuracy
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Fig.4 Data recorded by the scatter counting system. a Mosquito signal recorded with an oscilloscope. b The mosquito signal within 180—
250 ms; the red curve is the signal of the mosquito body. ¢ Amplitude spectrum of the frequency contents of the mosquito wing-beat signal

in mosquito identification and counting, but it can also deter-
mine whether the mosquito is actually captured by the trap
using time correlation. After a mosquito is recorded by the
scattering system, if it continues to fly downwards, it will be
recorded by the shadowing counting system, finally to arrive
trapped at the lowest part, where a suction fan is installed.
Being installed below the scattering counting system, the
shading system has a time delay relative to the first system.
However, there is a problem with the commercial trap in
our application. High-speed fans can easily attract mosqui-
toes into the trap, but mosquitoes then pass the detection
area quickly. If the wing-beat signal is obtained by lower-
ing the wind speed, the frequency determination becomes
more accurate, but the mosquito will easily escape from the
trap and reduce the accuracy of counting. We installed a
funnel-like device above the fan to reduce the wind speed
in the detection area, as shown in Fig. 6a. This method not
only results in good wing-beat signal from the mosquito but
also prevents the mosquitoes from escaping once they enter
the trap. However, this method still has a drawback, since
mosquitoes entering the trap are fewer and mosquitoes may
pass through the counting system more than once. Thus, a
compromise must be found. The five amplified output sig-
nals of the two counting systems (the scattering system has
one signal output, and the shading system has four signal
outputs) are collected by a data acquisition card (N6211,
National Instruments, USA).

@ Springer

In the upper container, shown in Fig. 6b, four mosquito
samples of Aedes albopictus (male, female) and Culex
pipiens (male, female), each with about 65, 40, 90, and 70
individuals were placed. Photographs of the four types of
mosquitoes are given in Fig. 7. The outlet of the container
is directly connected to the inlet of the counting system,
and the mosquitoes inside the container go directly into the
counting system. We studied possible differences between
the two counting systems in the combined system to detect
the wing-beat frequency of the same sample.

First, we recorded all mosquito signals for a specific spe-
cie and sex by the shading and scatter counting system and
performed fast Fourier transformation to obtain the wing-
beat frequency of the sub-sample. Then, the individuals with
wing-beat frequencies in adjacent 50 Hz frequency intervals
were counted to make histograms, as shown in Figs. 8 and
9. We fit the wing-beat frequencies to a normal distribution
to further analyze the data, as shown in the curves included
in Figs. 8 and 9.

From Figs. 8 and 9, we can see that Aedes albopictus and
Culex pipiens of different sex have a range of wing-beat
frequency, but have only little overlap in the distributions.
There is a quite good correlation between the fitted normal
distribution curve and the distribution histogram. Therefore,
the wing-beat frequency of A. albopictus and C. pipiens can
be used as an important basis for male and female discrimi-
nation. The wing-beat frequency of males of A. albopictus
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Fig.7 Photographs of the four types of mosquitoes studied in the
experiment

and C. pipiens is significantly higher than that of females.
The frequency of wing-beat of C. pipiens is lower than that
of Aedes albopictus. This may be due to the fact that the

body of C. pipiens is slightly larger than A. albopictus, as
shown in Fig. 7. We also found that there is still considerable
overlap in the range of wing-beat frequencies of A. albopic-
tus and C. pipiens of the same sex, which makes it difficult
to use the data as a basis for differentiation.

Figure 10 shows the normal distributions of the wing-
beat frequencies of the same species of mosquitoes recorded
by the two systems. We suspect that the small differences
caused are due to the distance of the two counting systems
away from the fan. Although we have made some restrictions
on wind speed, it may still have some impact on the flight
of mosquitoes. This may also contribute to a broadening of
the wing-beat frequency distributions. Furthermore, we note
that the fit to the Aedes albopictus female data in Fig. 9a is
worse than for the other cases, which might contribute to the
resulting small shift in center frequency.

3.3 Counting analysis

We compared the number of mosquito signals detected
by the two systems with the number of actually captured
mosquitoes. The results are shown in Fig. 11. The number
of mosquitoes caught is the number of mosquitoes that are
captured after they enter the trap, which we can easily obtain
and which is very accurate. Due to the low wind speed in the

Fig.8 Scattering counting sys-
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detection area, mosquitoes may pass through the detection
area more than once, which increases the difficulty of count-
ing. Here, we provide a counting method that combines the
two systems, which we denote “METHOD”. If a mosquito
is caught, it must be recorded by both counting systems and
there will be some delay in time, which is a necessary condi-
tion for being caught by the trap. If it is only recorded by the
scattering system and not recorded by the shading system,
we do not think that it will be captured; even if the condi-
tions for capture are fulfilled—whether we really observe
the same individual is based on the detected frequency of
the wing-beat. “METHOD” is a method of judging based on
the two conditions of delay time and wing-beat frequency.
This method can prevent mosquitoes from being repeatedly
recorded by one of the counting systems.

As shown in Fig. 12, we found that Culex pipiens results
in more signals from both systems. This may be because
the body of C. pipiens is slightly larger than that of Aedes
albopictus. At the same wind speed, C. pipiens can be more
active in the system, so the chance of being recorded by a
detector more than once is higher. The number of mosqui-
toes recorded by “METHOD?” is less than the number of
mosquitoes actually caught, except for female C. pipiens.
This may be because the density of mosquitoes in the con-
tainer is relatively large and the next mosquito may have

500

600 700 800 900 1000

Frequency (Hz)

been recorded by the scattering system before the mosquito
is recorded by the shading system.

The error rate for the system trap count which we define
as:

METHOD — Catch

X 100%.
Catch ’

Error rate =

Compared to the statistical number of mosquitoes in a
single counting system, the method which we provide effec-
tively improves the accuracy of the counting.

4 Conclusions and discussion

We have used an insect trapping system, with one or the
other of two optical insect recording systems placed to moni-
tor insects passing the trap inlet. The recording systems are
based on light scattering or light shadowing, respectively,
and exhibited similar performance in test experiments with
Aedes albopictus. By placing the systems one after the other
in tandem on the trap inlet channel, enhanced monitoring
capability is obtained. We used this tandem system and
obtained a very good distinction between male and female of
A. albopictus and Culex pipiens according to the frequency
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Mosquito species and sex

of the wing-beat. However, the frequency of the wing-beat In future field monitoring work, we can combine our
cannot be used as a basis for distinguishing A. albopictus  techniques with standard attracting technology to improve
and C. pipiens. We have proposed a statistical method,  the ability to capture mosquitoes. We can use ultravio-
which improves the counting ability of the system. let light to achieve phototaxis (attraction to light) and

chemicals that simulate the human-body odors to attract
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mosquitoes and improve the practical ability of the system.
With the development of the Internet of Things technol-
ogy, we can also achieve wireless transmission of monitor-
ing data to achieve a wide range of monitoring.

We now plan to perform extensive testing of the equip-
ment with a variety of classified insects in preparation for
field experiments.

We believe that our insect classification and counting
system can be of considerable value in the management of
disease-bearing insect vectors.
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