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Abstract

This paper presents a custom-built 10T camera system designed for recognizing wild animal approaches,
where data transmission and power consumption are critical concerns in resource-constrained outdoor
settings. The proposed method involves the spectral analysis on both infrared and environmental sound data
before uploading images and videos to the remote server. Experiments, including battery endurance tests and
wildlife monitoring, were conducted to validate the system. These results showed that the system minimized
false positives caused by environmental factors such as wind or vegetation movement. Importantly, adding
frequency features from audio waveforms that capture sounds including wind noise and footsteps led to an
improvement in detection accuracy, which increased the AUC from 0.894 to 0.990 in Random Forest (RF)
and from 0.900 with infrared sensor data alone to 0.987 in Logistic Regression (LR). These findings
contribute to applications in wildlife conservation, agricultural protection, and ecosystem monitoring.
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1. Introduction

Crop damage caused by wildlife remains a serious social issue, as it leads to certain vulnerable species becoming un-
cultivable (Ministry of Agriculture, Forestry and Fisheries, 2023). Monitoring animal behavior is a critical first step
in controlling wildlife pests; however, tracking free-roaming animals such as wild boars within a camera's field of
view is inherently challenging. Fixed cameras equipped with human detection sensors in the real-world outdoor
settings often experience false detections due to noise generated by swaying vegetation, resulting in an excessive
number of unnecessary images being uploaded to a cloud server. Additionally, battery exhaustion is a persistent issue
when installing cameras in remote, mountainous areas where securing a power source is impractical. Even when
animals are captured within the camera’s field of view, it is often challenging to interpret situations involving an
approaching animal based solely on images. Proper interpretation and appropriate actions require considering the
behavioral and environmental contexts with those the detection results (Chang et al., 2009; Wu et al., 2023).
Environmental contexts can include various audible events such as footsteps, wind, and vegetation movement. These
environmental contexts have the potential to indirectly identify animal presence or movement.

Most wildlife monitoring systems adopt either bioacoustic monitoring or image processing techniques. Bioacoustic
monitoring is effective for detecting animals through vocalizations, enabling the monitoring of species such as frogs
and deer (McLoughlin et al., 2019; Lostanlen et al., 2019). However, this approach assumes that animals vocalize and
that environmental noise is minimal. On the other hand, YOLO (You Only Look Once) models are widely used for
their high accuracy and real-time performance in image processing (Lietal., 2023; Ma et al., 2024). Yet, both methods
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face challenges in terms of energy consumption and data transmission when implemented on resource-constrained
devices such as the Raspberry Pi.

Existing wildlife monitoring solutions include commercial trail cameras from SPYPOINT and Moultrie. These
products often employ Al-based filters to mitigate false triggers and can upload images via Wi-Fi or cellular networks.
However, they primarily rely on PIR sensors and image-based analysis before uploading images, which may lead to
increased false positives in windy or densely vegetated environments (SPYPOINT, n.d.; Moultrie Mobile, n.d.). In
contrast, our approach integrates both infrared and audio frequency features (e.g., wind noise, footsteps) to reduce
false positives more effectively, especially under challenging outdoor conditions.

Our study is among the first to indicate that combining infrared and audio data efficiently improves detection accuracy,
which not only conserves energy and reduces data transmission but also extends operational longevity in remote
wildlife monitoring applications. We have been developing custom-built 10T camera systems based on Raspberry Pi
Zero 2 by integrating infrared and audio sensors for monitoring animal movements (Tochimoto et al., 2023). Unlike
existing systems, our multimodal approach uniquely employs spectral analysis on both infrared and environmental
sound data collected from the surroundings to minimize false positives caused by environmental factors such as wind
or vegetation movement. This study primarily targets medium to large animals, such as wild boars, deer, monkeys,
and raccoons, as these species are known to cause significant damage to crops.

This paper presents the experimental evaluations of our multimodal 10T camera system, conducted at two distinct
locations in Japan. In 2023, we tested the system in an open space near a residential area to assess its performance
under moderate environmental conditions by focusing on the system’s ability to reduce false detections in a relatively
controlled setting. Subsequently, from May to July 2024, we deployed the system in a mountainous region of Katsurao
Village, Fukushima, Japan, where the environment introduced challenges such as dense vegetation and variable
weather conditions.

2. Multimodal 10T Camera System

2.1. Hardware Design and Implementation

The loT camera system developed in this study is based on the Raspberry Pi Zero 2 to integrate various sensors such
as an infrared sensor, infrared camera, Raspberry Pi camera, and audio microphone. Two types of the multimodal
camera systems were designed for this research: The first model, Version 1 (Ver 1), uses a small mobile battery paired
with a solar panel, while the second model, Version 2 (Ver 2), employs a 12 V lithium-ion battery to support extended
continuous operation. In Ver 1, the system features a solar panel that recharges the battery using sunlight. Ver 2, on
the other hand, has a larger battery capacity than Ver 1 and is also equipped with an infrared camera to enable nighttime
detection. Both models are housed in custom-designed cases created with a 3D printer, which encase all sensors and
batteries. The front of the case includes an infrared sensor, a camera, and an audio microphone. Each case is designed
to be highly waterproof, with functionality verified through high-pressure shower tests, as shown in Figure 1.

The infrared sensor used in this study is a pyroelectric infrared sensor, PaPIRs (manufactured by Panasonic, long-
distance detection type. This sensor is a long-distance detection type with a 12-m range, providing an analog output
that enables the collection of time-series data from the surrounding environment for advanced time-series analysis.
Our preliminary tests indicate that beyond 12 m, false alarms rise significantly due to environmental factors, which
informed our decision to limit the range for improved accuracy and power conservation (Tochimoto et al., 2023).
Detection ranges of commercial trail cameras can exceed 15 m, potentially increasing the risk of false positives in
dense vegetation. In contrast, we selected a 12 m effective detection radius to balance sensitivity and battery efficiency.

papils Camera Microphone Raspberry pi

12V Lithium Ion
Battery

Figure 1: Two Types of Multimodal 1oT Camera Systems: (a) the Version 1 (Ver 1) with a
Mobile Battery and (b) the Version 2 (Ver 2) with an Extended Battery for Longer Operation.
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In addition, an omnidirectional audio microphone, as illustrated in Figure 2, captures environmental audio waveforms,
including sounds from rain, wind, and animal vocalizations. Processing this time-series audio data allows the system
to classify diverse environmental sounds, during interpreting motion detected by the infrared sensor.
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Figure 2: Block Diagram of Ver 2 loT Camera System

2.2. Software Design and Implementation

This system requires continuous acquisition of infrared data while simultaneously operating the camera and
microphone. Multithreading is employed for enabling the concurrent operation of various sensors. Every 0.1 seconds,
the system retrieves values from the infrared sensor. As shown in Figure 3 of the system’s sequence diagram, if a
reaction is detected, it initiates both the photo capture and audio recording processes as subprocesses to collect data
concurrently, while infrared data collection remains uninterrupted. Additionally, creating a cron job on the Raspberry
Pi Zero 2, which is a resident program for executing scripts automatically, enables the device to start sensing
immediately upon power-on.

The transmission of image data is the heaviest load on server communication. Therefore, to minimize unnecessary
image transmissions and improve efficiency in resource-limited environments, such as mountainous areas, the system
uses machine learning models locally to assess the likelihood of animal detection before transmission. Only when
there is a high probability of detecting an animal does the system transmit relevant data to the remote server.

Infrared Sensor
Main loop Microphone Camera action Camera action Data saving
action
Call from cron process .
loop(0.15) Sensor call M
.1 e
Wave data
< :
Camera call : .
Wave dat . .
[threshold <= Infrared] ‘ ave dafa [ data
J Save CSV files

Figure 3: System Sequence for Multithreading Process

3. Methods

3.1. Operation Testing

The multimodal 10T camera system continuously monitors infrared waveforms. The system records images, videos,
and audio data to log detected events when the detection threshold is exceeded. The collected infrared waveform data
is stored in CSV format hourly, and data retrieval is performed remotely via a 4th Generation Mobile Communication
System (4G) connection. Figure 4 illustrates the test setup. A power supply with a solar panel and a 4G router is placed
at the center, with the Camera 1 and the Camera 2 representing the loT camera systems developed and installed for
this study. Each 10T camera system is connected via Wi-Fi and can be placed anywhere within a Wi-Fi range of
approximately 50 m.
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(a) Open space near a residential area (b) Mountainous area
Figure 4: Operation Testing Figure 5: Test Sites

3.2. Test Sites and Measured Data

Data collection for this study was conducted at two test sites: (a) an open space near a residential area in April 2023
and (b) a mountainous area in Katsurao Village, Fukushima, Japan, from May to July 2024. Two loT cameras were
installed at each site, with the sensing areas marked as squares in the figures. At both locations, the ground was
covered with leaves and grass, and vegetation was within the cameras' field of view. Conducting experiments at two
different locations not only provided diverse measured data for model training and testing but also strengthened the
reliability of the findings by validating the system under the practical environmental conditions.

Figure 6 shows an example of the infrared and audio waveform data collected per window time. To prepare the data
for analysis, the following processing steps were performed. Noise artifacts may occur depending on the recording’s
start time (as shown in Figure 6), and these can affect the Fourier Transform (FFT) results. Therefore, as part of the
audio data preprocessing, the first 0.3 seconds from the start of the recording were removed. Additionally, as
preprocessing for the infrared data, a 10-second window was extracted from the point of detection. Next, FFT was
applied to the time-series data of the infrared and audio waveforms. By converting these waveforms to the frequency
domain for each time window, characteristic features were extracted. Subsequently, the sum and variance of the
infrared and audio waveform FFT results were calculated, and labels for successful detection (“Approaching”) or
failed detection (“No Approaching”) were added based on the footage captured during detection, creating the dataset
for analysis.
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Figure 6: Examples of infrared and audio waveform data collected within a single time window

As shown in Table 1, the first set of columns in the dataset includes the filename, which contains the timestamp and
the ground truth label. The subsequent columns (highlighted in red and blue) represent frequency features extracted
from the infrared and audio waveforms. The column labeled “sum” indicates the sum of the components within the
active frequency bands, “var” represents the variance of those components within the 10-second window, and “mean”
represents their mean value. The “0.0 Hz” column indicates the spectral power of the frequency band between 0 Hz
and 0.1 Hz.
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Table 1: Example Dataset with Frequency Features from Infrared and Audio Waveforms

time correct Infrared / audio /
sUm var mean 0.0Hz 0.1Hz f 4 9Hz B.0Hz surm ar Ok 1k f 22k 23k 24k
20230310_152236 1 418 1384 134 268 E.Zl[ 0.56 0.56 0.46 0 0.05 0 f 0.0014 0.0016| 00017
20230310_152331 1 389 1328 131 262 5.35\ 054 0.54 0.46 0 0.1 0.01 \ 0.001) 0.0011] o0.0012
20230310_152356 1 367 1312 130 260 5.05 \ 051 0.51 0.15 0 0.04 0 \ 0.0003( 0.0002| 0.0002
20230310_152514 1 439 1485 139 277 11 } 0.46 0.46 0.26 0 0.04 0 l 0.0007( 0.0007| 0.0007
20230318_155753 0 287 1198 124 248 181 j 0.38 0.38 0.08 0 0.04 0 / 0.0002( 0.0003| 0.0003

3.3. PCA Method

To extract spectral features in the frequency domain, a dataset was generated where the spectral power for each
frequency band served as a feature. The infrared waveform was segmented into units of either 0.1 Hz or 1 Hz, while
the audio waveform was divided into units of 1 kHz, 2 kHz, and 4 kHz to assess their impact on detection accuracy.
This segmentation, however, resulted in high-dimensional data. As illustrated in Table 2, six datasets (Datasetl
through Dataset6) were created based on these configurations. To manage the high dimensionality, Principal
Component Analysis (PCA) was employed for dimensionality reduction, and detection accuracy was evaluated both
with and without PCA.

Table 2: Column Specifications for Each Dataset Based on Infrared and Audio Waveforms

Dataset | Infrared Waveform | Audio Waveform | Infrared Columns | Audio Columns
Datasetl 0.1 Hz 1 kHz 54 27
Dataset2 0.1 Hz 2 kHz 54 14
Dataset3 0.1 Hz 4 kHz 54 8
Dataset4 1Hz 1 kHz 10 27
Dataset5 1Hz 2 kHz 10 14
Dataset6 1Hz 4 kHz 10 8

3.4. Machine Learning Method

Two machine learning models, Random Forest (RF) and Logistic Regression (LR), were evaluated to compare the
performance of the system using infrared and audio waveform data. Additionally, two approaches were tested to
maximize model accuracy: one applied dimensionality reduction via Principal Component Analysis (PCA) to extract
key features, while the other used all features without PCA.

In the PCA-applied approach, the reduced-dimension data were input into the model. In contrast, in the non-PCA
approach, all features were used directly without dimensionality reduction. This comparison aimed to evaluate
improvements in training efficiency achieved through dimensionality reduction and to analyze performance
differences between models using all features and those using reduced features.

To address class imbalances in the training data, the Synthetic Minority Over-sampling Technique (SMOTE) was
applied, and a stratified 5-fold cross-validation was performed. This approach enables a balanced training dataset by
reducing the effects of class imbalance during training. The test data were used without additional processing, and
model performance was assessed using the Area Under the Curve (AUC) metric.

4. Results

4.1. Operation Verification Results

Table 3 shows the predicted and actual operating days of the system. In this experiment, two types of systems were
tested: The Ver 1 as the mobile battery model and the Ver 2 as the lithium-ion battery model, with the operating time
of each system measured.

In the Ver 1, power consumption was approximately 1 W, with a battery capacity of 144 Wh. Although the predicted
operating time was 144 hours, the result showed the system operated continuously for 168 hours, which is likely
extended by the solar panel recharging the battery. In the Ver 2, with a battery capacity of 360 Wh (12 V) and a power
consumption of 1 W, the estimated operating time was 360 hours. The actual operating time was 336 hours,
approximately two weeks, and was close to the expected result. Both models demonstrated that power consumption
and environmental conditions influenced operating time, with the Ver 2 proving more suitable for stable, long-term
operation.
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(c) Wild Boar Detection (d) Swaying Vegetation )
Figure 7: Images Captured During Detection Events

Table 3: Operational Records and Detection Counts

Version | estimated operation time | Number of working hour | Number of detections
Ver 1 168 168 59
Ver 2 360 336 66

4.2. Data Collection Results

At the first test site, 267 data instances were collected, including 13 instances with animals and 254 without. At the
second test site in Katsurao Village, 2,087 data instances were collected, with 109 containing animals and 1,978
without. The images shown in Figure 7 below provide examples of actual camera captures. At the first site, data
included images of humans and cats, while at the second test site, images included humans, dogs, raccoons, and wild
boars. When no animals were present, the cameras occasionally recorded empty scenes triggered mistakenly by
swaying vegetation due to wind.

4.3. PCA Results

To improve the performance of the machine learning model, feature selection was conducted to identify the most
relevant columns (features). Given the high dimensionality of the current dataset, a Principal Component Analysis
(PCA) was applied to reduce dimensionality and extract the most important features. For each dataset, principal
components were selected until the cumulative contribution rate reached 90%, and the contribution of each feature to
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Figure 8: Cumulative Contribution Rate
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these components was evaluated. Figure 8 shows the cumulative contribution rates of PCA for each dataset, while
Table 4 lists the top 10 contributing features in Principal Components 1 (PC1) to 5 (PC5) for each dataset. Based on
the analysis of the contributing features and the video data, the PC1 likely corresponds to swaying vegetation, and the
PC2 to environmental noise such as wind.

Table 4: Contribution Rate (Example from Datasetl)

PC1 PC2 PC3 PC4 PC5
(Swaying (Environmental Noise, (Animal Vocal (Slow Movements | Environmental Noise,
Vegetation) e.g., Wind) Characteristics) of Animals) e.g., Wind
2.7Hz | 0.149 10 kHz 0.228 2 kHz 0.175 0.4Hz 0.267 14 kHz 0.208
25Hz | 0.148 9 kHz 0.227 1 kHz 0.174 0.6Hz 0.242 13 kHz 0.186
2.1Hz | 0.148 11 kHz 0.224 3 kHz 0.174 0.5Hz 0.235 15 kHz 0.175
2.2Hz | 0.148 7 kHz 0.223 0.4 Hz 0.170 0.9Hz 0.193 9 kHz 0.092
2.8Hz | 0.148 8 kHz 0.223 0.6 Hz 0.159 0.7Hz 0.187 11 kHz 0.081
3.0Hz | 0.148 6 kHz 0.221 4 kHz 0.148 0.1Hz 0.178 10 kHz 0.078
2.3Hz | 0.148 12 kHz 0.216 0.5 Hz 0.147 0.3Hz 0.169 12 kHz 0.074
24Hz | 0.148 5 kHz 0.216 0.3 Hz 0.145 23 kHz 0.168 16 kHz 0.063
3.1Hz | 0.148 16 kHz 0.213 6 kHz 0.142 20 kHz 0.162 4.7 Hz 0.059
3.2Hz | 0.147 13 kHz 0.213 7 kHz 0.138 24 kHz 0.160 4.6 Hz 0.057

For the infrared waveform, low-frequency components such as 2—-3 Hz and 0.1-1 Hz made substantial contributions
across multiple datasets, as they appear to reflect responses to animal approaches and environmental fluctuations. In
the audio waveform, high and mid-frequency components, specifically in the 10-11 kHz and 1-3 kHz ranges, were
also significant, and may correspond to noise and animal-related sounds in the audio signal. The variance of the audio
waveform ("var" in the audio category, as shown in Table 1) contributed strongly across multiple datasets as a key
indicator of variations in environmental and animal sounds.

4.4, Machine Learning Results

Table 5 shows the 5-fold stratified cross-validated AUC scores and the independent test AUC scores of the RF model
with and without PCA. These cross-validated AUC scores are averaged over a stratified 5-fold procedure with SMOTE
applied to the training split (80 %), while the test AUC scores represent performance on a separate hold-out set (20 %)
without further oversampling. From the results, the combination of infrared 0.1 Hz and audio 4 kHz achieved the
highest AUC score of 0.990. When PCA was applied, the combination of infrared 0.1 Hz and audio 1 kHz recorded a
high AUC score of 0.986. These results indicate that for lower-dimensional data, high performance can be achieved
even without using PCA.

Table 6 presents the AUC results of the LR model with and without PCA. When PCA was applied, the combination
of infrared 0.1 Hz and audio 1 kHz achieved an AUC of 0.987 with PCA, which nearly matched the 0.985 AUC
without PCA. This finding indicates a slight improvement in model accuracy when PCA is applied to higher-
dimensional data.

The Random Forest (RF) model maintained high performance regardless of whether PCA was applied or not. It is
noteworthy that the combination of infrared 0.1 Hz and audio 4 kHz achieved the highest AUC score of 0.990 without
PCA. Furthermore, even with PCA applied, high AUC scores of 0.986 were recorded for the combinations of infrared
0.1 Hz and audio 1 kHz, as well as infrared 0.1 Hz and audio 2 kHz. These results indicate that the RF model can
achieve sufficient performance without PCA, while PCA proves to be effective for high-dimensional data.

On the other hand, applying PCA to low-dimensional data was found to reduce performance. For instance, in the
Logistic Regression (LR) model, the combination of infrared 1 Hz and audio 4 kHz achieved an AUC score of 0.950
without PCA, which dropped to 0.877 when PCA was applied. This demonstrates that PCA is not always effective in
every scenario.
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Table 5: Random Forest AUC with and without PCA Table 6: Logistic Regression AUC with and without PCA

Infrared | Audio | PCA | Cross-Validated Test AUC Infrared | Audio | PCA | Cross-Validated Test AUC
AUC (Mean:0.98) (Mean:0.96) AUC (Mean:0.93) | (Mean:0.94)
0.1 Hz 4 kHz No 0.952 0.990 0.1Hz 1KHz | Yes 0.961 0.987
1Hz 1 kHz No 0.984 0.989 1Hz 1KHz No 0.941 0.987
0.1 Hz 1kHz | Yes 0.990 0.986 1Hz 2KHz No 0.955 0.985
0.1 Hz 2 kHz Yes 0.992 0.986 0.1Hz 2KHz Yes 0.961 0.980
1Hz 4 kHz No 0.972 0.984 0.1Hz 1KHz No 0.931 0.972
1Hz 2 kHz No 0.982 0.982 0.1Hz 2KHz No 0.925 0.965
0.1Hz 1 kHz No 0.973 0.980 1Hz 4KHz No 0.893 0.950
0.1 Hz 2 kHz No 0.984 0.979 0.1Hz 4KHz No 0.892 0.922
1Hz 2 kHz Yes 0.983 0.915 1Hz 1KHz Yes 0.946 0.881
1Hz 1kHz | Yes 0.975 0.906 1Hz 2KHz | Yes 0.918 0.879
1Hz 4 kHz Yes 0.981 0.895 1Hz 4KHz Yes 0.884 0.877
0.1 Hz 4 kHz Yes 0.991 0.874 0.1Hz 4KHz Yes 0.922 0.847

4.5. Variable Importance in Machine Learning Models

The important frequency bands were identified using the Random Forest (RF) and Logistic Regression (LR). As shown
in Tables 7 and 8, the analysis focused on the data with the highest AUC values among those without PCA, specifically
the combination of infrared 0.1 Hz and audio 1 kHz, to identify key frequency bands. Table 7 summarizes the feature
importance from the RF, while Table 8 shows the coefficients from the LR.

In the RF results, the 5 kHz frequency band showed the highest importance (0.079), followed by 11 kHz, 13 kHz, and
10 kHz. These results indicate that high-frequency audio data plays a significant role in animal detection. In contrast,
the importance of infrared data was relatively low, and high-frequency audio data contributes substantially to the
model's predictions.

The RF model prioritized high-frequency audio bands (e.g., 5 kHz, 11 kHz, 13 kHz), and it suggests that audio data
plays an important role in detecting animal vocalizations and environmental noise. The LR model, however, placed
greater emphasis on low-frequency infrared data, such as 0.7 Hz and 1.7 Hz. This suggests that infrared data is more
effective for identifying slow animal movements and environmental fluctuations.

Table 7: Random Forest Feature Importance = Table8: Logistic Regression Coefficients

Feature Importance | Data Type Feature Importance | Data Type
5 kHz 0.079 Audio 2 kHz 1.83 Audio
11 kHz 0.047 Audio 0.7 Hz 1.79 Infrared
13 kHz 0.045 Audio 1.7 Hz 1.60 Infrared
10 kHz 0.042 Audio 15 kHz 1.44 Audio
8 kHz 0.040 Audio 6 kHz 1.27 Audio
9 kHz 0.040 Audio 5.0 Hz 1.27 Infrared
12 kHz 0.039 Audio 13 kHz 1.18 Audio
7 kHz 0.038 Audio 0.4 Hz 1.10 Infrared

infrared_mean 0.036 Infrared 0.6 Hz 1.09 Infrared
infrared_var 0.033 Infrared 4.2 Hz 1.08 Infrared
6 kHz 0.033 Audio 4.5 Hz 1.08 Infrared
0.5 Hz 0.032 Infrared 0.5 Hz 1.03 Infrared
audio_var 0.032 Infrared 5 kHz 1.03 Audio
0.4 Hz 0.031 Infrared 14 kHz 0.99 Audio

2 kHz 0.029 Audio 2.9 Hz 0.96 Infrared

4 kHz 0.029 Audio 10 kHz 0.80 Audio
0.0 Hz 0.029 Infrared 3.5Hz 0.80 Infrared
audio_add 0.021 Audio 12 kHz 0.78 Audio
3 kHz 0.018 Audio 1.5 Hz 0.69 Infrared

1 kHz 0.018 Audio 2.4 Hz 0.67 Infrared
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4.6. Influence of Audio Waveform

This study assessed the effect of integrating audio waveforms with infrared waveforms on the accuracy of animal
approach detection. Models trained with only infrared waveforms were compared to those using both infrared and
audio waveforms. As shown in Figure 9, AUC scores for the RF and the LR achieved 0.894 and 0.900, respectively,
when using only infrared waveforms. These models using frequency features extracted from infrared waveforms alone
achieved a reasonable level of accuracy, although the risk of false positives and missed detections remains. The
inclusion of audio frequency features improved the AUC to 0.990 for the RF and 0.987 for the LR. These results are
consistent with the cross-validated and test AUC values shown in Tables 5 and 6. From these findings, we confirm
that integrating audio waveforms plays an essential role.

True Positive Rate
True Positive Rate

—— Logistic Regression (AUC = 0.900)
—— Random Forest (AUC = 0.894)

—— Logistic Regression (AUC = 0.987)
—— Random Forest (AUC = 0.990)

0.‘8 1:0 0.‘0 0.‘2 0:4 0.‘5 0.‘8 1.‘0
False Positive Rate

(b) Infrared + Audio
Fiaure 9: ROC Curves and AUC Comparison Between Infrared Only and Infrared with Audio

U.‘() 0:2 0.4 0:6
False Positive Rate

(a) Infrared Only

Table 9 summarizes selected training results for each model, while Figure 10 illustrates examples of detection under
different conditions: Case 1 (Wild Boar) represents a straightforward scenario where accurate detection was achieved
with both infrared-only and infrared-plus-audio data. Case 2 (Human) is the case of a false negative in the infrared-
only approach, where minimal movement between frames caused the model to misclassify the instance as “no
approaching.” The addition of frequency features extracted from audio waveforms allowed the detection of human
voices, resulting in a correct classification of “approaching.” Lastly, Case 3 (No Detection) is the case of a false
positive with the infrared-only approach, where swaying vegetation was misclassified as “approaching.” The addition
of frequency features from audio waveforms helped identify wind noise for the correct classification of “no
approaching.”

EL{ 3 Vﬁ \

(c) Case3: No Detection

(a) Casel: Wild Boar (b) Case2: Human
Figure 10: Comparison of Detection Cases Under Various Conditions

Table 9: Comparison of Detection Results: Infrared Only vs. Infrared with Audio

Case Ground Truth LR_IR Only RF_IR Only LR_IR+Audio | RF_IR+Audio
Casel (Wild Boar) P P P P P
Case2 (Human) P N N P P
Case3 (No Detection) N P P N N
LR: Random Forest  RF: Random Forest  IR: Infrared
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5. Discussion

This study proposed a multimodal detection system that integrates frequency features from infrared and audio
waveforms. The analysis confirmed that frequency bands identified through FFT analysis are important for identifying
animal movements and mitigating false detections. Infrared waveforms provided low-frequency components, such as
2-3 Hz (swaying vegetation) and 0.1-1 Hz (slow movements of animals or humans), which were particularly
significant, as highlighted in Section 4.5.

Similarly, audio waveforms contributed mid-to-high frequency bands, such as 1-3 kHz (human voices or animal
vocalizations) and 10-11 kHz (environmental noise like wind). These features, as demonstrated in Section 4.6,
significantly improved the AUC for both the RF and LR models. The integration of audio data effectively reduced
errors caused by environmental factors, such as vegetation sway.

Experiments in this study were conducted at two distinct test sites: a residential area and a mountainous region. These
environments invited unique challenges such as varying vegetation density and weather conditions for validating the
robustness and adaptability of the proposed system. By effectively reducing false detections through the integration
of infrared and audio data, the proposed system shows considerable promise for real-world applications.

In this paper, we evaluated both Random Forest (RF)—a non-linear ensemble method—and Logistic Regression
(LR)—a linear model—to compare their performance in our system. Based on the analysis in Section 4.4, RF
consistently delivers robust, high performance on multimodal (infrared + audio) and higher-dimensional datasets
across diverse frequency-segmentation settings. Meanwhile, LR can perform nearly as well, particularly when paired
with effective PCA for high-dimensional data, though it is more sensitive to feature engineering. Accordingly, we
recommend RF as an immediate, stable solution, whereas LR (and other linear models) may be preferable in scenarios
where interpretability is a priority, especially when identifying which features contribute most to the detection results.

Nevertheless, this study has certain limitations. The system relies on camera-based data collection for ground truth
labels, limiting detection to the camera’s field of view and introducing a risk of missed detections outside this range.
Additionally, as noted in Section 3.1, the Raspberry Pi hardware brought challenges in power consumption,
constraining operational time even with a larger battery. Overcoming these challenges will be essential for improving
the system’s practicality and enabling its deployment in diverse real-world scenarios.

6. Conclusion and Future Challenges

This study proposed and evaluated a multimodal detection system that integrates frequency features from infrared and
audio waveforms to improve the accuracy of animal approach detection. By applying FFT to these waveform types,
the system identified critical frequency bands that contribute to the detection accuracy. Infrared waveforms captured
low-frequency components, such as 0.1-1 Hz and 2—-3 Hz, linked to animal movements and environmental fluctuations.
Audio waveforms provided mid-to-high frequency features, such as 1-3 kHz and 10-11 kHz, capturing animal
vocalizations, footsteps, and environmental noise. This integration proved highly effective by improving the AUC for
RF and LR models to 0.990 and 0.987, respectively. From these results, we confirm that combining infrared and audio
data is the key strategy for practical application of the multimodal 10T camera systems.

Future efforts should focus on improvement of robustness and reliability by adapting the system to diverse
environmental conditions. Expanding the dataset to include more balanced samples representing various animal
species is necessary for refining detection performance. Additionally, optimizing machine learning models for real -
time processing and addressing energy efficiency will enable long-term deployment in resource-constrained outdoor
environments. By addressing these challenges, the proposed system has the potential to significantly advance wildlife
management, mitigate crop damage, and contribute to broader environmental conservation efforts.
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