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Abstract: This article presents a wireless sensor for pest detection, specifically the Lobesia botrana
moth or vineyard moth. The wireless sensor consists of an acoustic-based detection of the sound
generated by a flying Lobesia botrana moth. Once a Lobesia botrana moth is detected, the information
about the time, geographical location of the sensor and the number of detection events is sent to
a server that gathers the detection statistics in real-time. To detect the Lobesia botrana, its acoustic
signal was previously characterized in a controlled environment, obtaining its power spectral density
for the acoustic filter design. The sensor is tested in a controlled laboratory environment where the
detection of the flying moths is successfully achieved in the presence of all types of environmental
noises. Finally, the sensor is installed on a vineyard in a region where the moth has already been
detected. The device is able to detect flying Lobesia botrana moths during its flying period, giving
results that agree with traditional field traps.

Keywords: remote sensing; smart agriculture; pest sensing; acoustic sensor; wireless sensor;
real-time sensor

1. Introduction

In the last years, sustainable and smart agriculture has been an important issue in
worldwide research. The Food and Agriculture Organization (FAO) defines on its perspec-
tives for the year 2030 that the use of technologies such as integrated pest and nutrient
management, conservation agriculture and organic agriculture could contribute to making
agriculture more sustainable [1]. On the other hand, ONU directives for sustainability
puts an important objective into the optimization of the resources used in agriculture [2,3].
In order to achieve those goals, the implementation of smart farming in terms of intro-
ducing technology to improve different agricultural processes has been pointed out as a
key aspect [4,5].

When we talk about sustainability and the optimization of resources, pest management
is one of the critical issues. On this perspective, the use of technology to detect and
control pests will play an important role at the time of pesticide applications, reducing
its indiscriminate use and, in that way, reducing the negative environmental and health
effects [1,6]. This has led to many studies that use different technologies in order to
identify insects or to achieve an early detection of a possible pest in different fruit and
vegetables [7,8]. Pest control and management using technology is, therefore, an important
decision making and action-oriented tool. In particular, the Chilean government has
placed smart agriculture under its priority foci of development through a smart industry
program [9] for the years between 2017 and 2025.
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Chile is well known for its wine and grape production. For this reason, pest man-
agement and control of this industry could have an important impact for the production.
In the last years, a new pest—the Lobesia botrana or grapevine or vineyard moth—has
been detected on Chilean soil [10]. Lobesia botrana is a pest of economic importance in
vineyards, which can cause damage to flowers and developing grapes [11-13]. Therefore,
the Chilean government, through its Ministry of Agriculture, has put this pest under a
special plan of surveillance, control and quarantine, encouraging strategies for its late
detection and eradication [14].

Currently, traditional in-field insect traps are used for the early detection and monitor-
ing of the grapevine moth pest on vineyards [14]. The use of these traps has a significant cost
in terms of the people involved for installation and counting as well as decision making. For
example, the use of this traditional method can imply a late application of insecticides due
to the late detection of the reproductive peak of the insect, which can harm the production.
In order to make the detection autonomous, several studies have been developed in the last
years. Different techniques such as image processing-based detection [15-20], capacitive
sensors [21,22], radar techniques [23], optoelectronics [24], electrophysiological signals [25]
and acoustic- and optoacoustic-based detection methods [26-31] have been proposed and
tested in the field. Nevertheless, most of these technologies use post-processing in order to
detect the pest and only a few of them use real-time processing of the information acquired
and energy optimization for field conditions [21,22,32,33]. The use of remote sensing using
a wireless sensor in the field and real-time processing could save significant time and
costs as well as improving decision making in terms of the pesticide used (quantity and
period of application). For the case of flying insect pests, the location, time, movement
and weather conditions of the field at the moment of sensing are also important statistical
information in order to understand the behavior and propagation of the pest. Under this
perspective, the aim of this article is to present a real-time remote sensing of Lobesia botrana
using a wireless acoustic detection sensor with a matched filter where the novelty relies
on an operational in-field acoustic detection of the Lobesia botrana through a matched filter
obtained with previous acoustic measurements and neural networks for the flying acoustic
signal of the moth.

2. Materials and Methods

From the several methods proposed in the literature for pest detection, an acoustic-
based detection method was chosen to be implemented on a wireless sensor. This type of
solution was preferred because it did not require illumination conditions (Lobesia botrana
is known for its crepuscular behavior [34]), image processing or the sending of a large
amount of data to a server in order for the server to determine if there was detection or
not. The acoustic detection proposed for this sensor was via the previous characterization
of the flying acoustic spectral signature of the moth to generate a filter that matched this
signature and to recognize if there was a flying Lobesia botrana near to the sensor.

The acoustic signal of flying insects has been a topic of several studies [35,36]. Flying
insects have characteristic sounds in the spectrum, most commonly described by a low
frequency sound produced by the wing fluttering and a higher frequency sound produced
by the contact of wings during the fluttering [37,38]. These sounds are then specifically
matched to each species in that the sound frequency, harmonic behavior and temporal
duration depend on the physical characteristic of the flying insect (i.e., wing size, insect
size). Nevertheless, this moth has not been previously characterized in the literature in
terms of its acoustic signature. As the possible acoustic signature was unknown for the
authors, it was necessary to obtain the sounds produced or emitted by the moth in a wide
range spectrum.

The proposed sensing method consisted of generating a specific filter to obtain the
signal coming from the Lobesia botrana moth. To characterize the filter band, many experi-
ments were performed in a controlled laboratory environment, recording audio signals
with different quantities of moths and comparing the resulting measured signals with a
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case without moths on the system as the control. Finally, temporal and spectral analyses
were performed in order to obtain the acoustic signature.

2.1. Experimental Setup and Sound Recordings

At the research center, the Fundacion para el Desarrollo Fruticola (FDF: Foundation
for Fruit Development) has several laboratories where research is performed with insects
that are a threat to Chilean agriculture. They have the facilities for breeding Lobesia botrana
in its different growth states. All the tracks of the sound emission of the Lobesia botrana
were recorded at the FDF. A schematic for the experimental setup used for recording
the Lobesia botrana flight is shown in Figure 1. A special device was constructed for the
recording of the sound (see Figure 2) using a 3D printer. The device held the plastic
container used at the FDF to carry the insects. The container was surrounded by acoustic
absorbing foam to reduce the noise from external sources. It held a wideband microphone,
which could record frequencies from 100 Hz to 125 kHz (in Figure 2, the microphone is
the upper vertical tube). The wideband microphone was chosen to record the acoustic
response of the flying moth without knowing beforehand where this signal would appear
on the spectrum. The container also had bright LEDs to illuminate the inside for pictures
and video recordings of the moths. With it, the sound events could be associated with
the flight of the moths. For this experiment, the sound of the flying Lobesia botrana was
recorded using Audacity [39], which is free audio recorder software, running on a laptop.

Moth container

DSLR Camera
Wideband microphone Laptop
/ e
o >>> [ |

Acoustic absorber

Figure 1. Schematic of the experimental setup used for the acoustic characterization of the flying moth.

(a) (b)

Figure 2. (a) Picture of the moth container with the acoustic absorbers and the wideband microphone

and (b) a picture of the container (without microphone) where several moths are visible. A moistened
piece of cotton wool was used so that the moths could drink is also shown.
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Figure 3 shows examples of the signals obtained using our acquisition setup. Figure 3a
shows the signal obtained from the container without moths inside and Figure 3b shows
the acoustic signal obtained from the moths. From the obtained signals, it was possible to
observe that the sound of the moths was impulsive, showing peaks at different instants
of time. To characterize signals with registers of the impulsive type, the Welch PSD tool
is commonly used to calculate the power spectral density (PSD). As our temporal signal
registers had different durations, the Welch PSD allowed our method to work better than
other methods for averaging the periodograms calculated from the Fourier transform (FFT).
In this particular case, the Welch PSD was implemented using Matlab R016a. By analyzing
the variations that existed in different frequency ranges resulting from the moth acoustic
signals (time signals), it was possible to design a filter to characterize the sound.

021 1 0.27
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Figure 3. Time signal recorded from the acquisition setup: (a) without moths; (b) with moths.

2.2. Filter Design Procedure

The Welch PSD [40,41] allowed us to estimate the power of a signal at different frequen-
cies using periodogram spectrum estimates, converting the time signal to the frequency
domain. Welch’s method computes a modified periodogram for each segment and then
averages these estimates to produce the estimate of the power spectral density. Welch’s
method uses PSD estimates of different segments of the time series; the modified peri-
odograms represent approximately uncorrelated estimates of the true PSD and averaging
reduces the variability. The segments are typically multiplied by a Hamming window so
that Welch’s method amounts to averaging the modified periodograms. The segments are
partly overlapped; this guards against the loss of information caused by windowing.

In our implementation, the sample rate was 250 kHz and the signals had different
durations (around 2,500,000 samples each). To obtain the Welch’s overlapped segment
averaging, the PSD estimate of the signal used a segment length of 32,768 samples with
16,384 overlapped samples.

To design the filter, it was necessary to know the behavior of the signals that char-
acterized the sound produced by the moth. The first step in measuring the moth signals
was to characterize the container where the moths were placed. Figure 4 shows the PSD
obtained from the container without moths. The first thing we observed were the peaks,
which stood out at around 20 dB from the background level. The peaks of that prominence
were a product of periodic signals with a constant frequency. This is mainly the case for
electromagnetic interference and harmonics produced by electric power lines, fluorescent
lamps, analog or digital electronic components of power amplifying and communication
circuits of microphones. As this was a reference signal for our experiments, all these effects
were not considered in the signal comparison.
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Figure 4. PSD of the sound recorded on the container without moths.

In addition to the peaks, it was also interesting to notice that the background curve
was not flat; it has a resonance at around 50 kHz. This non-flat course corresponded with
the shape of the internal noise of the microphone, as presented by the manufacturer of the
MEMS microphone [42].

The process continued by entering different numbers of moths into the container. In
our experiment, we used a different number of moths in the container (varying from 1 to 50).
Two cases are shown in Figures 5 and 6. In addition, the experiment was repeatedly
performed and replicated over several days; therefore, an experimental signal database
was built with the information of the flying moths under laboratory conditions. The PSDs
obtained for the containers with 8 and 50 moths are shown in Figures 5 and 6, respectively.
On each figure, a reference PSD was added (in a red color) that corresponded with the
container without moths (as shown in Figure 4). Figure 5a shows the moth signal recorded
as produced by 8 moths inside the container and Figure 5b shows its respective PSD.
Similarly, Figure 6a shows the signal captured when there were 50 moths in the container
and Figure 6b represents its PSD. Note the increase in the PSD amplitude (around 10 dB)
when there were moths inside the container compared with the reference (the container
without moths) at frequencies between 6 kHz and 30 kHz.
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Figure 5. (a) Acoustic signal of the container with 8 moths; (b) PSD of the container with 8 moths (blue) and reference (red).

From the two figures (Figures 5 and 6), it was possible to observe an increase in the
amplitude of the PSDs in the frequency ranges between 6 kHz and 12 kHz and between
18 kHz and 30 kHz. Applying the PSD to several signals obtained from the moths always
produced variations in the amplitude in ranges close to 8 kHz and 20 kHz. In this way, it
was chosen to define two bandpass filters centered at frequencies of 8 kHz and 23 kHz,
respectively. The final filter is presented in Figure 7. Figure 8 shows the filter response by
using a flying Lobesia botrana signal (Figure 8). In Figure 8b, it is possible to observe how
the response of the designed filter varied, increasing its amplitude (peak in frequency) at
around 10 dB as a product of the acoustic signal of the Lobesia botrana.
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Figure 6. (a) Acoustic signal of the container with 50 moths; (b) PSD of the container with 50 moths (blue) and reference (red).
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Figure 7. PSD of the wideband impulse response of the matched filter.

0.2 : : -60 -
o
o 0.1} IR
£ = -100}
<-0.1 | €
= -120+
-0.2 : . .
5.3 5.4 5.5 56 103 10% 10°
Seconds (s) Frequency (Hz)
(@) (b)

Figure 8. (a) Acoustic signal of the Lobesia botrana. (b) PSD of the filter response from the Lobesia signal.

2.3. Sensor

In this section, the particular setup used in laboratory and field experiments will
be presented. The sensor consisted of four main parts: a microphone, a processing unit
with an acoustic filter (a Lobesia botrana matched filter) for the moth detection, a network
connection unit and a data server. A block diagram of the wireless sensor is presented in
Figure 9. To attract the moth to the sensing unit, a pheromone was used.

Figure 10 shows the pseudo-code implemented in the processing unit that allowed
the explanation of the process of acquisition of the signal and the sending of the message.
The sensor worked as follows: the microphone acquired the acoustic signal emitted by a
flying moth flying near to the sensor. The received signal went to a processing unit (via a
USB) with an acoustic filter that matched the acoustic signature of a flying Lobesia botrana,
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which was obtained before. Finally, if the received acoustic signal matched the filter, the
data were sent through a network connection to a data server where the data of the number
of moths were counted and the time and sensor ID were stored and displayed.

wireless

processing unit network connection
: - U et data server
with filter connection

Figure 9. Block diagram of the wireless sensor.

function captureAudio()
BEGIN
SET SAUDIO_DATA from SUSB_MIC
IF SAUDIO_DATA € SFILTER_RANGE
WRITE SAUDIO_FILE
END

function sendMessage()
BEGIN
SET SQUANTITY_FILE FROM COUNT SAUDIO_FILE from SFOLDER
IF SQUANTITY_FILE >0
SEND SQUANTITY_FILE TO SSERVER
REMOVE SAUDIO_FILE from SFOLDER
END

Figure 10. Pseudo-code implemented in the sensor.

2.3.1. Microphone

Microphones are devices that convert sound waves into electric signals. As pre-
sented in [36], moths (Lobesia botrana was not included in that work) have the capability
of producing and emitting sounds in a broad spectrum including a human audible range
(20 Hz-20 kHz), going as high as 120 kHz. For moth detection, it is necessary to have a
microphone that has a broad frequency range to include the sound produced by the insect
but it is not less important to have a flat frequency response, as in music or voice recording,
or at least a known frequency response. The Ultramic 250 k from Dodotronic [43] is based
on a MEMS (micro-electro-mechanical systems) sensor and delivers data over a USB con-
nection. It was chosen because it was capable of registering sound from a low frequency to
125 kHz, thus including the frequency range of different moths. This microphone is directly
recognized as a sound recording device on most computer platforms including many
smartphones, making it ideal for use with different systems as needed (testing, calibrating,
filter matching, field use). This microphone also integrates a preamplifier and an A/D
converter unit for the received signal.

2.3.2. Processing Unit

Due the aforementioned development steps (initial testing, laboratory tests and filter
matching as well as a field test), a Raspberry Pi was chosen as the processing unit because
it is small, powerful, easy to configure and not energy hungry. It had been previously used
together with an Ultramic 250 k microphone in a bat recording project [44]. The model
used was the Raspberry Pi 2. The Raspberry Pi is a single-board computer consisting of an
ARM processor, USB and ethernet connectors, HDMI out and an SD Card reader, which
holds a Linux OS.
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The system is capable of processing the input acoustic signal in real-time; thus, it
could be used to filter and detect thresholds (Figure 10). The principal part of the detection
algorithm was configured using Linux’s SoX-Sound eXchange version 14.4.2 [45].

For each event (moth detection), the system created a resulting audio file (the acoustic
signal of the moth). A cron-job (configurable recurrent process) defined on the operating
system checked the creation of new audio files each minute. In a positive case, the unit
connected to the database server and upgraded the event counter for the individual
sensing unit.

2.3.3. Network Connection

There are many options to connect a Raspberry Pi to the internet. In this case, we
used a battery-powered portable router with an access point (AP) from TP-LINK, model
TL-MR3040. It provided internet access to the connected devices through an existent AP or
through using a SIM Card. Under normal circumstances, only very low data are used.

2.3.4. Data Server

The server had a microservice architecture running MySQL and Java. Every time the
processing unit registered an event, it pushed the information to the server. A so-called
heartbeat message, an ID and an IP address to access the device remotely was sent every
time the system was powered on and a “counter + 1” message was sent after an acoustic
detection.

3. Results

To obtain a high confidence of the detection and counting results, a three step val-
idation process was performed: (i) a validation in controlled conditions (laboratory);
(ii) a simulated moth validation; and (iii) a field validation. As presented before, the sound
characteristic of the Lobesia botrana was obtained in previous experiments.

3.1. Laboratory Validation

The validation with controlled conditions consisted of an experiment using the same
device presented in Figure 2. It contained around 50 moths and the microphone was
connected to the Raspberry Pi running the detection algorithm with a running network
connection. The first minutes were used to adjust and set the amplification gain to reach
the threshold. When set, the ambient noise (speech, AC System, impulsive noise) did not
activate an event. When the moths (one or several) flew near the microphone, the detection
algorithm of the system detected it and sent the event information to the server. This
happened several times in the 1 h validation session. There was no pheromone trap inside
the plastic container.

3.2. Simulated Moth

The simulation of the moth was performed by using two case scenarios. First, a neural
network analysis was configured to find each passing of the moths in the near field of
the sensor head. The network was trained in Matlab R2016b using clippings from a long
acquisition and each clip was characterized using a set of six features (see Table 1). The
parameter of the feedforward network was 6 inputs, 50 hidden layers and 1 output layer.

Table 1. Features measured to characterize an event.

Features Description

1 Signal mean
Root mean square
Amplitude of the central maxima of the autocorrelation function
Position of the first peak in the autocorrelation function
Amplitude of the first peak in the autocorrelation function
Spectral power from 20 kHz to 40 kHz

QN Ul = W N




Appl. Sci. 2021, 11, 11889

90f13

The neural network was trained using a set of 200 clippings from the long signal; 60%
was used to train, 20% to validate and the remaining 20% for testing the network. The
complete set of signals was analyzed using 4000 windows of detection. Figure 11 shows
the mean spectrum over 100 detections obtained from the neural network analysis.

10'2 T T T T
—Detected Signal
— Background Noise
~10°F E
El
1S
2
E 104 F
Q
n
o
S
a 10-5 -
10-6 1 1 L 1
10° 102 10° 10* 10°

Frequency (Hz)

Figure 11. Power spectrum average of the detected signals and background noise obtained with a
neural network analysis.

We performed two separate tests for both frequency bands previously determined
(7 kHz to 10 kHz and 20 kHz to 40 kHz). In both tests, an active speaker was set at a distance
X in the axial direction of the microphone and the amplifier was set to achieve 39.5 dB(A)
at a distance of 1 cm at 7 kHz. We then displaced the emitter away from microphone until
no detection was made by the system (Figure 12). For the first frequency range, we were
able to detect the emitter up to 7 cm and for the second case, detection was possible up to
25 cm. It is worth mentioning that if the emitter moved at low speeds, the detection range
decreased by approximately a factor of two.

To data
ADQ Emitter

Amplifier
-« Function
X Generator

Figure 12. Experimental setup diagram for the detection range characterization.

3.3. Field Test

A final field validation with the complete system was performed. The system was
installed near a vineyard in Maria Pinto in the Casablanca Valley, Chile, 70 km to the west
of Santiago, for two weeks in January 2017. This is a valley affected by Lobesia botrana. The
unit had a pheromone trap close to the microphone, as shown in Figure 13. The system
was connected to the internet through an access point. It registered 9 events (26 January:
7 counts; 28 January: 1 count; 31 January: 1 count). These results were congruent with the
register from the field traps from the Servicio Agricola y Ganadero (Chilean Agricultural
Service) [46].
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microphone

(a)

Figure 13. System installed in the field under controlled conditions inside a closed net cage. In the
cage, 50 moths were detected and the system functioned for 5 days. (a) A close-up of the microphone
and pheromone trap. Both are inside a tube to protect them from rain. (b) First prototype version of
the system inside a sealed case.

4. Discussion and Conclusions

A real-time moth (Lobesia botrana) presence monitoring system was presented in this
work. It was based on an acoustic signal detection. The different steps of the calibration of
the sensor device as well as the moth detection and register of the data on the server were
positively validated in the field experiments.

The results showed that it was possible to detect and identify Lobesia botrana with an
acoustic sensor and processing device, which was validated in the laboratory and with a
neural network analysis from an experimental database. This is a promising alternative
to the current survey method with pheromone traps and manual installing and manual
counting. The manual counting is often performed over several days or weeks so occa-
sionally the moth is not detected in time; therefore, countermeasures for the pest control
are delayed.

In searching the literature for pest detection, we did not find other reports for the
acoustic detection of Lobesia botrana. Results for other insects, or pests in general, were
often similar to what we have presented here; detection and counting was possible and
effective in a laboratory situation and was validated in the field under controlled scenarios.
As our acoustic method showed, the detection of insects under real conditions was effective
and technically possible as others have also demonstrated using acoustics or other meth-
ods [8,19,22,24,27,30,32]. Further work is needed for most of them to be widely used and
applied to transform the agriculture and food industry as questions about costs, location,
distribution, real-time capabilities, necessity, detection sensitivity, insect identification and
discrimination are mostly unanswered. It is interesting to note the broad-sensing principles
and technologies used (image processing (UV, visible, IR), radar, vibration, acoustics, capac-
itance) using different features or characteristics of the insect as well as the fact that many of
them base the detection on trained and self-learning algorithms from artificial intelligence.

As a perspective, and to permit the use of this device as a Lobesia botrana counter, the
system must be calibrated in its sensitivity in contrast to current pheromone traps. The
question about how many counted events correspond with a count with a pheromone trap
has to be answered. Therefore, more field experiments are needed.

As a future work, we propose to optimize the design of the system to make it fit
the needs of the Chilean Agricultural Service or the vineyards in terms of autonomy, size
and potential other services (GPS location, temperature sensing, etc.) as well as in terms
of the costs. The components used in the current version were of a broad purpose and
over-dimensioned; the current broadband microphone could be changed to a normal
microphone and the processing unit could be reduced to a specialized device (i.e., a signal
amplifier with an analog filter or the same in a digital version). It would be interesting to
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test the device with other pest insects to broaden the use and application. Therefore, the
particular filters have to be reviewed and upgraded.
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