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Abstract. For quite some time there has been a permanent interest in environmental
monitoring. A special attention and a greater effort is necessary in the case of monitoring
wild natural areas. The problems raised in this context are multiple and diversified, from
the choice of identification algorithms to the actual implementation on the ground. In this
work, the objective is to estimate as much as possible the required effort and the costs of
such monitoring based on acoustic sensors. We review the already established solutions
and analyze the solution previously proposed by the authors. A cost assessment is
discussed, then the issues involved in remote control are discussed. Accuracy, robustness
and reliability are also addressed.
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1. Introduction

The monitoring of the environment in general and the monitoring of protected wild
areas in particular are among the most important concerns of civil society, and thus
also of governments. As a rule, reliable and robust solutions are used for this
purpose, where low energy consumption is paramount [1, 2]. Isolated geographical
areas do not always have access to electricity supply, and data network coverage is
sometimes poor. Image sensors, which are otherwise quite widespread in the field of
monitoring, do not represent a solution in conditions of variable light, i.e. when we
have fog or dense vegetation [3]. In this context, audio monitoring becomes an
alternative worthy of consideration.
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To begin with, we focused on the problems related to the processing of the audio
signal captured directly from the wild environment and by applying the specific
techniques of processing the vocal signal, it was shown that audio monitoring can be
a solution for the detection of intruders in such an area. At the same time, the
possibilities of interaction and communication between the audio sensors and their
central monitoring unit were studied, a problem that can be solved in several ways,
depending on the concrete situation. The next natural step would be an
implementation of the system on the ground and before that a first estimate of the
effort and costs involved is welcome.

To have an initial idea of the costs of a monitoring system for isolated geographical
areas, we refer to the information available in [4, 5]. Vodafone started a smart forest
project, connected to the Internet and located in Covasna county. The real-time
monitoring and signaling system of the sounds specific to forest exploitation is quite
expensive and, according to our information, it has not yet been replicated in other
areas of Romania. However, an association of three companies (Orange Romania,
Vodafone Romania and RASIROM, signed up for an auction organized by the
Ministry of the Environment, Water and Forests for the purchase of a national
monitoring system for Romania's forests. The contract was estimated at 44.42
million RON, without VAT, i.e. approximately 9 million euros. Without being
involved in this project and without knowing the details of its implementation, the
information we are going to present seems consistent with the evaluations of the
respective proposal.

In this work we are interested in a preliminary estimation of an implementation of
the network of acoustic sensors for the monitoring of wild areas. The paper is
organized as follows. First a preliminary evaluation of costs is discussed (Section 2),
then the problems involved by remote control are analyzed (Section 3). Precision,
robustness and reliability are presented in Sections 4 and 5 respectively. An overall
evaluation of the proposed solution is finally described in Section 6.

2. Costs

An important parameter in the case of sensor networks (acoustic in this case) is the
profitability/cost ratio which must obviously be as high as possible. The system
must be built on open source technologies, made with materials and parts that allow
low-cost development and maintenance.

Ambient sound is a valuable data source for assessing the health of an ecosystem.
Scientists typically use expensive and robust acoustic monitoring equipment to
acquire data. Environmental acoustic analysis is a growing area of research in
ecology [6]. Usually the approaches are based on the analysis of the stored data sets
of the sound thus acquired. Datasets are typically compiled from audio recordings
made with mains-powered equipment or battery-powered Passive Acoustic
Monitoring (PAM) devices. The WWF (World Wide Fund for Nature) Guide to
Passive Acoustic Monitoring in Ecology and Conservation [7] provides a
comprehensive list of current hardware and software options.
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Traditionally passive acoustic monitoring is done using commercial devices such as
Song Meter [8]. These portable commercial devices provide excellent recording
quality. Although the cost of these devices is significantly lower than complex
mains-powered equipment, they are still an expensive research tool, with a starting
price of around 800 $. The cost of covering a large area may limit use for certain
applications.

For some projects, such as biodiversity monitoring or hunting, cheaper units with
greater coverage may be more useful, even if some sound quality is sacrificed to
reduce costs [9]. Over the past three years, there has been a significant increase in
customized, fit-for-purpose solutions made with low-cost technologies [10]. For
example, the Raspberry Pi is a minicomputer that revolutionized the acoustic
monitoring market by releasing open-source modules for passive acoustic
monitoring. Self-built modular devices, which can cost less than 100 $, are limited
by their high power consumption, which may require a car battery for longer-
duration deployments. Additionally, building each device requires software and
electronics knowledge.

Currently there are low-cost monitoring and surveillance devices adapted to more or
less punctual requirements. An example is the device called AudioMoth [11]. This
is card-sized device. It includes a circuit board, a microcontroller and an
electromechanical system that acts as a microphone. The equipment is compact,
with a robust case. It can be deployed remotely for long-term monitoring, and with a
modular extension it can be used for acoustic detection. It also has the processing
power of a microcontroller.

The main advantages of AudioMoth over existing tools are low cost, low power
consumption, small size and ease of use [12]. The cost of a single unit is about 50 $,
which is about ten times less than existing commercial equivalents. Its compact size
allows multiple devices to be carried in a single field pack, making it easy to deploy.
The software is easy to use and allows users to configure a device for multiple
applications. It can capture both audible and ultrasonic sounds from a single
microphone and can be installed in custom enclosures. Improvements are made
possible by optimizing low-level audio processing for low-power applications,
using a unique board design, and providing an easy-to-use software interface.
AudioMoth uses an energy-efficient ARM Cortex M4 microcontroller instead of a
Linux-based processor, which makes it easier to optimize for power consumption.
AudioMoth supports multiple sampling rates, making it ideal for monitoring sounds
from various sources: anthropogenic (such as gunfire, chainsaws, heat engines,
where the sampling rate is 8 kHz), audible wildlife (frequency of sampling rate of
48 kHz) and wildlife with ultrasound (bats or amphibians with sampling frequency
of 384 kHz). The device is suitable for a variety of deployment scenarios, including
remote acoustic monitoring, large-scale monitoring, long-term monitoring,
environmental monitoring for education and scientific projects [13].

From the description of this audio monitoring equipment we note that its use is
however limited due to the constructive parameters of [13]. For sound capture, a
MEMS (microelectromechanical system) microphone is used, omnidirectional (360
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degree directivity characteristic), glued to the surface, inside the case with a silk
screen protection. Due to the polar pattern this microphone has a relatively low
signal to noise ratio and the captured sound does not provide any information about
the direction of arrival, i.e. the nature and position of the audio source. Another
aspect is that this equipment does not have a transmission unit (wireless, data
network, telephony, etc.). The data is acquired in an audio file format and recorded
on an external memory drive. The analysis of the collected data requires the
physical transfer of the memory card to another processing unit. To increase the
performance of the system in terms of data collection that indicates the type of
signal source and its position, a sensor capable of providing such information is
needed.

Recently we used a structure of audio sensors adapted to the proposed purpose
starting from the shape, dimensions and functioning of the human head [14, 15].
The processing of the data recorded by the network of sensors was carried out by
implementing an open source software Audacity. This audio signal processing
program was installed on a Raspberry Pi 5 minicomputer. The cost of the equipment
used is under 300 euros.

For data transmission, a LoRa Module RFM96, 868MHZ, ultra long range, 3.3V for
Raspberry Pi, with the 868 MHz frequency band (for Europe) and a Yagi directional
antenna was used. For the electrical energy supply of the device, we used a solar kit
with a 100W photovoltaic panel and a battery with a capacity of 17 Ah.

In conclusion, for the entire proposed equipment the cost reaches somewhere
around hundreds of euros. In this calculation, we did not take into account the
additional costs due to human resources and those specific to any product in the
development, production and distribution phase, we limited ourselves to the material
expenses only.

3. Remote control

Although the audio sensor network can be used in inhabited areas, our objective is
for its use in natural environments. Without being the main objective of this work,
the implementation methods and costs of the sensor network must be remembered,
in the perspective of a more accurate evaluation of the final implementation costs.
The existence of coverage with a data network of a mobile phone company allows
us to manage the transfer of a large volume of data, bi-directionally if necessary. It
is also possible to monitor the network in order to track its proper functioning. Of
course, the transfer of a large volume of data involves significant costs. Depending
on the number of sensors and their arrangement, this cost increases significantly.
The advantage in this situation lies in the fact that the data processing can be
performed centrally, in which case we have a much higher computing power and
speed, using programs of increased complexity.

By transferring the received data and by not using an equipment to process them in
situ, the energy consumption decreases, making it possible to use smaller electrical
energy capture and storage elements or to ensure the continuous operation of the
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sensor cell. The cost for a single cell to use the mobile phone data network,
depending on the provider, is around 5 euros/month. For the surveillance of an area
of 1 km?, using sensor cells at a distance of 500 meters, arranged in the corners of a
square, 9 cells would be needed. The cost of data transfer in this case would be 45
euros/km?,

In the situation where the area to be monitored is not covered by a data network and
the transmission of a large volume of information can be a difficult, even impossible
mission, it is necessary to minimize it. The solution is to process the data in situ
using a Raspberry Pi-type minicomputer on location. In this case, a point-to-point
transmission technique is used using one of the wireless communication protocols
(LoRa). With the help of this communication protocol, data transfers of the order of
tens of kbits/s can be carried out, at a distance of 5-10 km, using a directional
radiant system. In this case the data transfer rate would have costs close to zero,
instead it would significantly increase the cost of a sensor cell by adding the
minicomputer to the structure and increasing the energy capacity required to
maintain the sensor's operation, under conditions that would significantly increase
consumption (approximately 5 times).

4. Precision

Detecting intruders in a wild environment requires precise and robust signal
processing techniques in conditions such as a low signal-to-noise ratio, multiple
sources, etc. In this way, false positive or false negative results, which represent an
inconvenience, can be eliminated. A solution that we used [16] consists in the use of
several sensors arranged in a network in well-established positions (a square-type
structure), with the help of which the type of acoustic source can be determined with
a much optimized precision and its position.

Following the measurements carried out in real conditions, in open fields, hilly
areas, forested areas, we determined that the average effective distance of the sensor
is approximately 250 m. In conclusion, to cover an area of 1km?, 9 cells would be
needed of sensors. If the monitored surface increases, the number of sensors needed
per km? will decrease. Thus for 2 km?, we would need 15 sensors, for 4 km? 25
sensors are needed.

By using a number of 9 sensors/km?, the accuracy of determining the direction and
position of the sound source is high. In the situations where we can admit a less
precise determination of the position and only the identification of the sound source
is a priority, a reduced number of sensors per km?, i.e. 5 sensors, can be used.

In conclusion, to cover an area of 4 km?, the number of sensors can vary between 13
and 25. The cost of a surveillance system can vary between 3600 Euro and 7500
Euro. The average price per km? would be 800 euro - 1870 euro, depending on the
number of cells used.
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5. Robustness and reliability

Among other imposed requirements, the acoustic sensors placed in the environment
must work as long as possible and with reduced human intervention. In addition,
they must work in conditions of variable temperature (freezing or hot), fog and high
humidity (precipitation in the form of rain or snow).

The sensor made and proposed in the works [15, 16] fulfills these conditions, and
the location of the microphones and their type provide very good protection in
extreme weather conditions. The materials used in the construction of this sensor
have good resistance in conditions of increased humidity and extreme temperatures.
Placing the microphones inside the structure, in PVC tubes at a distance of 4 cm
from the external surface from which they are separated by an anti-wind sponge
gives them increased protection against rain or dust. The outer surface of the sensor
is treated with a rubberized silicone paint, as well as weather resistance. The
electronics are housed in a sealed enclosure with rubber gasket to prevent moisture
and dust from entering. A problem in winter can be covering the solar panel with
snow, which is why it would be useful to use a solar panel with a heating system.

6. Overall evaluation of the proposed solution

The four acoustic sensors, in our case, are (cheap) omnidirectional electret
microphones, but whose directivity diagram was modeled by the mechanical
construction of the sensor and by the acoustic, sound-absorbing characteristics of
the materials used. The proposed goal was to obtain a relatively inexpensive sensor
with very good directivity characteristics over a frequency range and a high signal-
to-noise ratio. All these characteristics determine a good quality of the recorded
sound signal without the need for sophisticated methods of noise reduction and
other types of interference that require complex signal processing. In this way, an
algorithm that does not require a lot of computing power can be used, which is a
very big advantage in terms of the hardware used and energy consumption, both of
which are limited for such a sensor.

By using this type of sensor and the autocorrelation method to determine the signal
maximum in the four directions and establish the angle of arrival of the signal, we
obtained a direction estimation accuracy between 5° and 15°. The accuracy of
determining the direction of arrival is influenced by the distance at which the sound
source is located and the signal-to-noise ratio.

The results obtained by the autocorrelation method were more accurate than those
obtained by the other methods (amplitude calculation), knowing that this method
has a high immunity to noise, which is indicated for filtering signals from highly
noisy environments.

The maximum distance for which correct evaluations can be made, within the
tolerance allowed depending on the application, was between 300-500 m, of course
this distance varies greatly depending on the nature of the sound source and its
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intensity. Following the experiments carried out, the accuracy of the estimation of
the arrival direction according to the distance is represented graphically in Fig. 1.
According to measurements made in real conditions (ambient noise, wind, etc.), the
accuracy of determining the direction of arrival, with both measurement methods
(amplitude and autocorrelation) is good up to a distance of 250 m, after which the
autocorrelation method becomes superior to the other method. This is due to the fact
that the autocorrelation method has an increased immunity to noise, the results
obtained even in low signal-to-noise ratio conditions being better than those
obtained by other methods.
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Fig. 1. Accuracy of estimated direction of arrival as a function of distance.

7. Conclusion

Complete monitoring of wild or protected areas by means of video or imaging
means is almost impossible due to the fact that the respective techniques cannot
retain information under any conditions. In addition, there is a limit to seeing
beyond certain obstacles. From these points of view, acoustic monitoring of natural
environments can be a solution. However, it should be taken into account that
exhaustive acoustic monitoring requires a large number of sensors and their
interconnection network, and thus the cost increases substantially.

Among the ways to reduce the cost of such audio monitoring would be to eliminate
the claim of total monitoring through a partial and still effective monitoring. For
example, instead of spreading the sensors over the entire surface to be monitored,
the sensors can be distributed only on a well-defined contour and thus the sensors
can detect intruders entering a certain protected area. As usually all the targets of
such monitoring are mobile, the proposed scenario could be satisfactory and
cheaper.
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