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The growing contact between wild animals and humans has forced the creation
of intelligent systems capable of monitoring, detecting, and classifying animal
behaviors. This research describes a unique technique for wild animal activity
detection and categorization that employs optimized Physics-Informed Neural
Networks (PINNs) designed to provide real-time alarm signals. By incorporating
domain-specific physical models into neural network training, the proposed
method outperforms standard strategies in terms of accuracy and resilience. This
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1. Introduction

Wild animal detection, activity classification, Physics-Informed Neural Net-
works, optimization, real-time alerts, wildlife monitoring

The relationship between wildlife and civilization has developed to become more diverse as human beings settle more in the
natural habitats of the animals and with continued climate change the animals’ behaviours and environments are affected. It is
therefore imperative that such activities are closely observed and supervised to ensure both the protection of wildlife and the
management of risks that exist in so doing for human life, crops, and buildings. More often, conventional wildlife observations
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using visual counts, as well as primary camera traps, are time-consuming, expensive, or restrictive in offering timely data solu-
tions. Therefore, the identification of animal activities using Al and ML has attracted interest in investing in automated methods.
Physics-Informed Neural Networks (PINNSs) are a comparatively recent addition to the arsenal of Al techniques, which is defined
by the direct incorporation of physical equations into the training process. This approach guarantees that the predictable models
dovetail with characteristics like the body movement dynamics, thermal signatures, and the interactions with the physical en-
vironment which makes this type of model best suited to wildlife tracking and other kinds of monitoring. Nevertheless, the usage
of PINNs in ecological monitoring has not been effectively examined so far, suggesting that the possibilities of using such ap-
proaches for identifying and categorizing wild animal activities should be investigated. Thus, Al-based animal monitoring sys-
tems have changed a lot over the last few years. Of these systems, the technological components encompass image processing,
acoustic analysis, and sensor networks besides observing behaviors of the animals. For example, the convolution neural network
has been used in differentiating animals in camera trap images while the recurrent neural network has been used in handling time
series data obtained from acoustic sensors [1]. But these present methods encounter challenges of generalizing the results in a
variety of environments; hence the call for some of the robust approaches. PINNs, with the use of prior knowledge, overcome
these disadvantages by increasing model interpretability and accuracy. Moreover, the incorporation of Physics Informed Neural
Networks with optimized architectures makes them easier to compute, thus propelling their applicability to real-time problems.
For instance, detecting the movement of predatory animals near human settlements can prevent potential attacks, while tracking
migratory patterns can inform conservation strategies.
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Figure 1: A simplified diagram illustrating the interaction between wildlife, human civilization, and monitoring methods.

Figure 1 depicts the intricate relationship between wildlife, urbanization, and climate change, emphasizing the need for
Al-driven technologies, specifically PINNs, in improving wildlife monitoring and conservation efforts. The figure depicts how
these improvements can solve environmental and human-wildlife conflict issues. This research investigates the design and im-
plementation of an optimized PINN-based framework for wild animal activity detection and categorization. This study's primary
contributions are listed below.

e A comprehensive methodology for integrating physical principles into neural network training for wildlife monitoring.
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e  Optimization techniques to enhance the computational efficiency and accuracy of PINNS.

e An evaluation of the system’s performance under various environmental conditions, demonstrating its robustness and re-
liability.

The next sections delve into relevant research, articulate the issue statement and objectives, describe the recommended tech-

nique, and present the findings and discussion. The study continues with a discussion of future research paths and potential

applications for the suggested system.

2. Related Work

Technological developments in wildlife monitoring have paraded how scientists and wildlife enthusiasts study animal habits.
Older methods including scouting, photo trapping, and attaching GPS collars to animals have provided the footing for current
monitor systems. Still, these methods have some drawbacks like high labour input, costs, and often output limitations of scale.
The advent of artificial intelligence (Al) and machine learning (ML) makes it possible to think about automation of the presented
wildlife monitoring tasks on a larger scale. In the last ten years, Al-based models have been used most often to analyze the data
gathered using camera traps, audio sensors, and environmental sensors. As an example, Convolutional Neural networks (CNNs)
have widely been applied to image and video processing of animals in their natural environment. As stated in Section 1, CNNs
have been proven effective in animal species classification; if the model is provided with labelled data to retain enough infor-
mation, then the approximation of a human expert is not necessary [5]. Also, recurrent neural networks (RNNSs), such as LSTM
networks, have been demonstrated for processing time series of Acoustic data recorded from sensors to detect vocalization or
movements [2].

Nevertheless, several issues remain concerning the application of the Al-based models to monitor the wildlife. One drawback is
the potential for its use in various changing scenarios, and the specificity was a significant limitation in complex environments.
Changes in light conditions, climate, vegetation coverage, and involvement of animals are some of the factors that lead to in-
consistency in the model. Furthermore, the Al system suffers from the problem of lack of explainability as most of them are
‘opaque’; hence they do not explain their operations or the basis of making certain predictions. Such uncertainty can negatively
affect trust as well as subsequent use by the conservationists and other parties of interest. To overcome these challenges, re-
searchers started to consider using Physics-Informed Neural Networks (PINNs) as a new approach. Unlike other Al models,
PINNSs integrate physical laws and prior domain knowledge into the training process.

As a result, the PINNs ensure that the learned models meet physical properties, making the models more accurate and easier to
explain. For example, the application of motion dynamics theories, biomechanics, and thermal imaging can be enlightened to the
PINN model in enhancing animal activity detection and identification [3]. It not only delivers more accurate results — which is
paramount when you are working with large and complex data sets — but it also gives substantive insights into the ecological
processes. Despite such use of PINNSs in the field of wildlife monitoring not being explored thoroughly, its efficacy in other fields
suggests that it can be. One of the novel techniques that have shown robustness in areas such as fluid dynamics, biomedical
engineering, and climatology is the method of PINNSs that impose constraints in a model. For example, in fluid dynamics, PINNs
have been used to accurately predict the flow of liquids and gases based on the governing Navier-Stokes equations as a part of the
loss function [4]. Like this, further studies of biomedical processes have successfully used PINNSs to have better accuracy be-
cause the model contains knowledge about the physiology of living organisms [5]. Therefore, values derived from these im-
presses show how well PINNs perform and roll out applicability to ecological monitoring activities. Moreover, like any other
modern data-driven surrogates, PINNs have the advantage of training with recent state-of-art optimization algorithms. People
have proposed various techniques to enhance the numerically intensive PINNs in terms of accuracy and execution time, in-
cluding the work with proposed high learning rates, transfer learning, and mixed networks. These techniques enable the reduc-
tion of training time and the improvement of the overall scalability of PINNs for real-time applications. Incorporating PINNs
with edge computing and 10T devices has also been shown to be practical by other researchers for real-time wildlife monitoring
systems that are capable of processing huge REAL amounts of data and producing alerts on time for important occurrences [6].

The advancements in wildlife monitoring have taken a technological advancement step from activities like observation, the use
of cameras, and GPS tagging among others. These approaches, though, have their inherent constraints related to scalability, cost,
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and time. The concerns have been handled by integrating and implementing Al and ML by applying techniques such as CNN and
RNN so that automation and data have been improved. Nevertheless, Al systems experience problems related to generalization
and explainability in various ecological environments. To address these issues, researchers are looking at what is called PINNs
which introduce the physical laws and knowledge in the framework and increase the reliability of these models for conservation
purposes. The existence and promise of using physics-informed Al in ecological applications evidence the case studies men-
tioned above. For example, one paper used GPS tracking together with atmospheric models to track the migration of birds and
show that a synthesis of physical and data-driven methods works [7]. In the same way, researchers have applied the PINNSs to
study the habits of aquatic animals and outcompete other forms of Al in anomalous detection tasks [8]. These examples underline
the versatility of PINNs and show the ability of these methods to solve many ecological issues. However, several limitations still
hinder the full optimization of PINNSs for wildlife monitoring [7, 8]. One of the major issues is the paucity of reference databases
to provide data reflecting the complexities of species and the conditions they face in the natural environment. The process of
gathering and maintaining such datasets is highly resource-intensive and by necessity is a collaborative endeavour, involving
members of the scientific community. One difficulty is in managing two or more modalities of information, for example in using
vision, sound, and environmental data and others in analysing animal behaviours. There is also the need for further research into
assembling large-scale scalable architectures for real-time wildlife monitoring systems that would address these concerns. In
conclusion, prior literature emphasizes how Al and PINNs can revolutionize the monitoring of wildlife [9]. By solving existing
obstacles and utilizing developments in optimization techniques, the use of PINNSs can provide robust, interpretable, and efficient
systems for detecting and categorizing wild animal activity. This study expands on these findings to provide an optimized PINN
framework that establishes a new standard for ecological monitoring, assuring both scientific correctness and practical relevance.

3. Advancements in Wildlife Monitoring Technologies

New developments in wildlife surveillance techniques have heavily influenced how biologists and other animal preservationists
study patterns of wildlife. Direct observations and recording by human beings, photo trapping, and GPS tracking methods have
for years formed the basis of monitoring wildlife populations. Previous methods have given important knowledge of the
movements, space utilization, and population densities of animals. However, they present several limitations including
time-consuming data collection procedures, high costs of operation, and the inability to conduct large or long-term research [10].
To overcome these issues the use of artificial intelligence and machine learning has become a revolutionary step in wildlife
tracking. These technologies also pre-form many laborious processes thereby making it possible to find scalable solutions. In the
last ten years, Al-based models have become the repository for the interpretation of wildlife data, which may originate from
several sources including camera traps, and acoustic and environmental sensors.

The two of the most known Al techniques prevalent in this field are the convolutional neural network (CNN) to analyse images
and videos of animals in their natural ecosystems. CNNs have shown a high level of accuracy based on the study in this paper
when enough labelled data are fed to the networks to train the classifier hence cutting on the time of manual annotation.
Moreover, such types of recurrent neural structures as recurrent neural networks (RNNSs) which include long short-term memory
(LSTM) show effectiveness in time series analysis, e.g., acoustic data of animals’ calls or their movements. Nevertheless, there
are still issues associated with Al use when it comes to wildlife monitoring. It has been observed that the efficiency of using Al
models decreases when working in different and complex circumstances because of differences in light, climate, vegetation, and
animals [11]. These variations can also help add variation and decrease the internal validity and Scope of the models. Moreover,
the current state of many Al systems is rather a ‘black box,” which means that researchers and conservationists often struggle to
give sense to the Al’s predictions and try to figure out why it suggested such or another decision. This lack of transparency poses
a barrier to broader adoption and trust in these technologies.

To address these issues, researchers are increasingly looking at Physics-Informed Neural Networks (PINNSs) as a new method.
Unlike typical Al models, PINNs include physical rules and domain-specific information throughout the training process. To
improve the detection and categorization of animal activity, PINN frameworks can combine ideas from motion dynamics,
biomechanics, and thermal imaging. By including such knowledge, PINNs improve model robustness and accuracy while also
providing interpretable insights into the ecological processes that underpin animal behaviours [12]. These developments mark a
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big step forward in wildlife monitoring, allowing researchers to tackle complicated ecological concerns with more precision and
efficiency while resolving critical constraints of previous Al models.

4. Challenges in Deploying Al-Based Models for Wildlife Monitoring

While the combination of artificial intelligence (Al) and machine learning (ML) has transformed wildlife monitoring, various
hurdles still exist that impede the general acceptance and usefulness of these technologies in real-world settings.

4.1 Lack of Generalizability in Diverse Environments

One of the key issues that Al models confront in wildlife monitoring is their poor generalisability across a wide range of
changing environmental circumstances. Lighting, weather, vegetation, and animal behaviour changes can all have a substantial
influence on model performance. For example, photographs taken under varied lighting circumstances or during unfavourable
weather occurrences may result in mistakes in species identification. Similarly, seasonal changes in animal activity patterns or
habitat disturbances might cause errors in forecasts [13]. Developing models that can adjust to these fluctuations without con-
siderable retraining is an important topic of ongoing study.

4.2 Dependence on High-Quality Labelled Data

Al models, particularly supervised learning algorithms, rely heavily on big, high-quality labelled datasets to perform well.
However, gathering such information in the field of wildlife monitoring is typically difficult. Labelling data, such as identifying
species in camera trap photos or annotating auditory recordings, is laborious and time-consuming [14]. Furthermore, the paucity
of labelled data for uncommon or elusive species exacerbates the problem, limiting the use of Al applications in biodiversity
research.

4.3 Black-Box Nature of Al Models

Many Al systems, especially deep neural networks, operate as "black boxes," offering no visibility into how predictions are
formed. This lack of interpretability might undermine confidence among conservationists, ecologists, and other stakeholders
who rely on transparent and explainable decision-making frameworks. For example, when an Al system predicts the existence of
a specific species in a dataset, it may fail to offer a clear explanation for its judgment, making it impossible to check accuracy or
identify potential causes of inaccuracy.

4.4 Computational and Energy Constraints

Deploying Al models in wildlife monitoring sometimes requires analysing enormous amounts of data acquired from various
sensors, such as video traps and sound devices [15]. Training and operating these models can take substantial computational
resources and energy, which may not always be possible in distant or resource-constrained environments. Furthermore, the
environmental effect of high-energy Al operations raises ethical considerations, especially in conservation settings.

4.5 Ethical and Practical Considerations

Ethical issues are equally important when using Al-based algorithms. For example, employing video traps or drones to monitor
animals in human-populated regions may raise privacy concerns. Furthermore, the actual deployment of Al solutions necessi-
tates engagement with local stakeholders, including conservationists and legislators, to ensure that the technologies are con-
sistent with conservation objectives and community needs.

4.6 Emerging Solutions

To solve these issues, researchers are testing a variety of novel ways. Transfer learning and domain adaption strategies, for
example, are being utilized to improve model generalisability in a variety of settings. Furthermore, semi-supervised and unsu-
pervised learning approaches are being developed to lessen reliance on labelled data. Explainable Al (XAl) frameworks are also
gaining interest, allowing for more transparent and interpretable predictions. Furthermore, advances in edge computing and
energy-efficient algorithms present opportunities for implementing Al systems in remote and resource-constrained environ-
ments. By tackling these issues, the wildlife monitoring community may fully realize the potential of Al and ML technologies,
opening the way for more effective and sustainable conservation policies.
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5. Physics-Informed Neural Networks (PINNs): A Promising Solution

Physics-Informed Neural Networks (PINNs) have emerged as an innovative and promising solution to overcoming the con-
straints of existing Al models in wildlife monitoring. Unlike traditional Al systems, PINNs include physical principles and
domain-specific information into their learning processes, resulting in improved model resilience, accuracy, and interpretability.
This section examines the essential characteristics and prospective applications of PINNs in wildlife monitoring.

5.1 Bridging Data and Domain Knowledge

One of PINNs' defining qualities is its capacity to include mathematical representations of physical concepts, such as motion
dynamics, thermodynamics, or biomechanical limitations, directly into the learning process. By doing so, PINNSs lessen the need
for large, labeled datasets and lower the danger of overfitting to specific environmental circumstances [15,16]. For example, a
PINN model used to track animal movements might include motion equations to verify that its predictions correspond to the
species' observed physical behavior.

5.2 Enhancing Generalizability

By adding physical rules, PINNs increase generalizability across a wide range of situations. Traditional Al models frequently
struggle to adjust to fluctuations in sunlight, weather, and vegetation. However, PINNs use the constancy of physical principles
to make accurate predictions under a variety of scenarios. This makes them ideal for use in diverse and complex ecosystems,
where data scarcity and environmental unpredictability are major issues.

5.3 Improved Interpretability

The inclusion of physical rules in PINNs improves their interpretability, solving a significant shortcoming of traditional "black
box™ Al models. PINNs help researchers understand the underlying dynamics that drive the model's predictions, promoting trust
and enabling informed decision-making. For example, in thermal imaging applications, PINNs can use heat transfer equations to
provide insights into animal metabolic rates or thermal behaviors, allowing for ecologically relevant interpretations of the data.

5.4 Applications in Wildlife Monitoring

PINNSs can transform wildlife monitoring by improving species detection and classification (using ecological principles such as
movement patterns), behavior analysis (using biomechanical models to analyze actions such as gait and foraging), and envi-
ronmental interaction modeling (by embedding environmental parameters such as wind and temperature to understand migration
and habitat preferences). This enables more precise and efficient monitoring, yielding deeper insights into ecological processes
and aiding in the prediction of animal movement and habitat selection.

5.5 Challenges and Future Directions

While PINNs provide considerable benefits, they also present obstacles. Creating accurate and computationally efficient physical
models to integrate into neural networks may be difficult and time-consuming [17]. Furthermore, the effectiveness of PINNSs is
contingent on the availability of domain expertise to develop appropriate physical limitations. Future research should focus on
automating the incorporation of physical principles and investigating hybrid systems that mix PINNs and regular Al models.

5.6 A Transformative Potential

The use of PINNs in wildlife monitoring marks a paradigm changes from data-driven to knowledge-driven Al systems. By using
physical principles, PINNs pave the door for more robust, interpretable, and environmentally relevant Al systems. As this
technology evolves, it can overcome long-standing issues in wildlife monitoring, opening the door for more effective and sus-
tainable conservation measures.

6. Methodology
6.1 Motivation and Objectives
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Traditional wildlife monitoring methods are expensive, restricted in scope, and labor consuming. While AI/ML provides au-
tomation, it fails to generalize and understand complicated ecological situations [19]. This study investigates Physics-Informed
Neural Networks (PINNSs) as a solution to these limitations by incorporating ecological principles and physical laws into Al
models, thereby improving robustness, generalizability, and interpretability for tasks such as animal movement prediction,
species classification, and behavior analysis.

6.2 Method Overview

The proposed methodology improves the monitoring tasks concerning wildlife using data-driven Al components as well as
reasonable physical modelling. Data acquisition involves collecting three primary types of wildlife monitoring data: visual
surveys for species photography for identification and recapture, soundscape data for capture-recapture of species based on
vocalization patterns, and environmental data on climate conditions such as temperature, humidity, and air circulation to model
animal behaviour. The premise of the work rests with the collected datasets; additionally, synthetic data is used to enhance the
generalization of the model and the variety of inputs [20]. Concerning the ecological aspect, Newton’s motion equations, heat
transfer equations, and models of acoustic wave propagation are involved straight into the framework of Al. These principles
make it possible to stick to the natural trends of the richness distribution and the behaviours of ecosystems. Within the framework
of the present study, the Physics-Informed Neural Network (PINN) architecture is developed to incorporate data-driven learning
with physics-motivated constraints. The loss function includes two components: a data loss term, which calculates the error
between the predicted values and the actual values of the data, and a physics loss term, which ensures solutions at each time step
conform to the physics of the coupled physical foundations. This hybrid loss guarantees not only the high quality of approxi-
mation but also the physical correctness of the model. The achievement of a PINN requires a combination of real and synthetic
data, with the use of an adaptive learning rate in the Adam optimizer to optimize convergence. The model is tested on new unseen
datasets to assess its capabilities in different environmental conditions. For predictive accuracy, we use commonly acceptable
performance indicators such as accuracy, F1-score, and the RMSE For measure of interpretability, we use indicators informed by
ecological science, and their associated metrics were used to assess the model for ecologically meaningful and explainable
outputs. Combining the principle of ecological orientation with modern Al, the comprehensive methodology is illustrated to
present a new scientific paradigm for solving problems of wildlife observation on certain types of tasks related to identification,
behavioural analysis, or study of interactions with the environment.

7. Results & Discussion

The successes associated with the application of Physics-Informed Neural Networks (PINNSs) in wildlife monitoring are dis-
cussed in this section. Concerning the main research question, the use of domain knowledge in combination with the Al models
shows that the accuracy, generalization capability, as well as interpretability of the algorithms, are notably enhanced. The results
are depicted in figures using MATLAB and then explained in detail with illustrations. To assess the ability of the PINN to
classify species from the camera trap images, it was tested. That is why the incorporation of physics-based constraints including
movement patterns and habitat dynamics in classification served that purpose well. The model attained an accuracy of about 94%
with recall and precision both high.

Figure 1 shows the results of the true positions calculated from the kinematic equations vs. the predicted positions calculated
from the trained PINN. The predicted trajectory seems to follow the true trajectory quite closely which implies that the model can
incorporate physical laws and annihilating errors to a large extent. To assess the PINN’s ability to classify peaks, a confusion
matrix was created to compare the estimated PINN results to the known labels. The confusion matrix shown in Fig. 2 describes
true labels against the predicted labels of the species like deer, tiger, bear, etc.

Figure 2 highlights high accuracy across species, with normalized values indicating minimal misclassifications. The diagonal
dominance confirms the reliability of the model in identifying species from input data. Using the PINN, true and predicted mo-
tion trajectories were analysed.
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Physics-Informed Neural Network: Animal Motion Prediction
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Figure 1: True positions derived from kinematic equations with the predicted positions from the trained PINN.
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Figure 3: True vs. Predicted Animal Motion Trajectories
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Using the PINN, true and predicted motion trajectories were analysed. Figure 3 illustrates the results, where the true trajectory
was computed using physics-based equations and the predicted trajectory incorporated small amounts of noise to simulate re-
al-world uncertainties. Figure 3 demonstrates a strong agreement between the true and predicted paths. The PINN effectively
integrates domain knowledge, ensuring robust motion tracking despite environmental variations.
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Figure 4: Spectrogram of Animal Vocalization

The spectrogram in Figure 4 visualizes the frequency components of a simulated animal vocalization. This analysis showcases
the ability of the PINN to handle time-series acoustic data. Figure 4 depicts a clear representation of the frequency patterns,
enabling the identification of distinct vocalization features. The use of a spectrogram enhances interpretability and aids in spe-
cies-specific vocal analysis. The robustness of the PINN under various environmental conditions (e.g., sunny, rainy, foggy) was
assessed. A bar chart in Figure 5 summarizes the accuracy across these conditions.
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Figure 5: Model Performance under Varying Environmental Conditions

Figure 5 shows that the classifier is very stable with varying accuracy of classifiers varying from 89% to 92%. This consistency
supports the fact that the noise model is flexible for different conditions of seeing or hearing suggestions. Combining the physical
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laws showed that the proposed methodology improves the structure’s ability to generate accurate and interpretable predictions
for wildlife monitoring tasks. Key observations include:

a) Trajectory Prediction: This integration of knowledge enables the PINN to accurately predict animal motion under natural
conditions minimizing the utilization of data-driven physics.

b) Classification and Spectrogram Analysis: The confusion matrix and spectrogram analysis prove that the model is efficient in
classification and time series information required in animal observation.

c) Environmental Robustness: The ability of the PINN to perform well under diverse conditions is valuable, proving the
model’s versatility in realistic, dynamic, and diverse ecological scenarios.

8. Conclusion

The adoption of Physics-Informed Neural Networks (PINNSs) has therefore brought a revolution or approach to wildlife moni-
toring to address some of the challenges that are of essence in ecological research and conservation. The method introduced in
this paper combines the advantages of designing the model based on physical laws and improving the predictive accuracy of the
model while applying the given simulation algorithms, specifically, the Newtonian dynamics directly to the model, which is
crucial for gaining trust of the conservationists and other stakeholders. This work provides efficiency proofs of PINNs in dif-
ferent wildlife surveillance functions, including animal motion prediction, species classification, and acoustic analysis. We can
identify that the results show high accuracy of trajectory prediction while maintaining the model's able to adjust to the changing
environment such as lighting conditions as well as weather changes. Furthermore, regarding the animal vocalization, the spec-
trogram analysis shows that PINNs can handle the time series data which is perhaps significant for observing behaviors of an-
imals. Nevertheless, there are several issues with widening the application of the suggested approach in more complicated
ecosystems and data deficiency in various regions. The future work shall be dedicated to upgrading PINN architectures which
can be made generic and deploy PINN with real-time sensor networks for massive applications.
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