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A B S T R A C T

Wetlands play a critical role in maintaining the global climate, regulating the hydrological cycle, and protecting
human health. However, they are rapidly disappearing due to human activities. Waterbirds are valuable bio-
indicators of wetland health, but it is challenging to monitor them effectively. Wireless Multimedia Sensor
Networks (WMSNs) offer a promising technology for monitoring wetlands. Nonetheless, these networks are
constrained in terms of energy, and also encounter challenges associated with large-scale deployments under
natural environmental conditions. These conditions introduce harsh circumstances that may not have been
anticipated during the pre-deployment testing phase. This paper proposes a Digital Twin (DT) based energy-
efficient WMSN monitoring system specifically tailored for waterbirds in wetlands. The system utilizes a unique
approach that combines local audio identification and image compression with DT technology to optimize
network performance and minimize energy consumption. To reduce unnecessary image transmissions, the
system employs a real-time, low-complexity local audio identification phase before triggering image capture. A
denoising step is employed to achieve highly accurate bird recognition despite surrounding noises. Each image
undergoes a low-complexity compression scheme prior to transmission, further enhancing energy efficiency.
To enhance the system’s overall efficiency and effectiveness, DT technology is integrated to create real-time
replicas of the WMSN and the monitoring application. A synergistic interaction between the two DTs enables
cooperative data-making decision that ensures both QoS (Quality of Service) and QoE (Quality of Experience)
requirements are met. Transmission rate control is done using a fuzzy logic decision-making technique. Real-
time feedback provides rapid and accurate analysis of the current state of the WMSN, allowing for dynamic
adjustments. The "what-if scenarios" feature of the implemented DTs has been effectively leveraged to find
the most suitable settings for the controller. The effectiveness and performance enhancements achieved by
integrating DT into our WMSN-based surveillance system are validated through comprehensive experiments in
scenarios that correspond to a real-world wetland. Comparative analyses demonstrate the undeniable benefits
of the DT-integrated system compared to a conventional WMSN-based surveillance setup. In particular, the
results demonstrate the system’s superior performance in terms of energy efficiency, real-time monitoring
capabilities, and ability to handle multiple video sources.
1. Introduction

Wetlands are universally recognized as one of the most valuable and
precious resources for this planet, serving a critical role in the preser-
vation of biodiversity, maintenance of the global climate, regulation
of the global hydrological cycle and protection of human health [1].
Due to their immense importance, wetlands are extremely vital for the
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well being of human societies and should be conserved at all costs.
Unfortunately, of late, there has been a rapid global decline in both
the area as well as quality of wetlands. Approximately, 64% to 71%
of the world’s wetlands were lost in the previous century [2]. More
recently, it is estimated that their rate of disappearance is three times
faster as compared to that of forests [3]. This translates into a major
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deprivation of the ecosystem services that wetlands provide, resulting
in a potential annual loss of up to $20 trillion [2]. This degradation
and loss of wetlands could largely be attributed to the harmful modern
trends of climate change, overpopulation, rapid urbanization, pollution,
agricultural intensification and over-utilization of resources.

Given this context, it is necessary to routinely observe, track and
monitor the state of wetlands. The purpose of monitoring is to ex-
tract useful insights for performing ecological assessment of the target
ecosystem. However, it is not possible and practical to monitor all
components of the ecosystem and therefore, few of them should be
selected as indicators of the overall environmental conditions. Sev-
eral researchers have demonstrated that waterbirds are valuable bio-
indicators for assessing the status of wetlands as they exhibit responsive
behaviors to changes in their environment [4,5]. Therefore, usage of
waterbirds as indicators of wetland health is justified especially when
38% of all the existing waterbirds species are on the decline [6].

In order to monitor and assess waterbirds’ population in wetlands,
WMSNs could be deployed [7]. Unlike typical Wireless Sensor Networks
(WSNs), WMSNs are equipped with multimedia devices that are capable
of retrieving acoustic and visual information in addition to the scalar
sensor data. WMSNs are a good choice for waterbirds monitoring since
a specific waterbird species could be easily identified based on its
vocalization and/or photographs. Furthermore, WMSNs are well-suited
for operating under the harsh and challenging conditions presented
by wetlands. However, WMSNs have inherent limitations in terms of
energy, memory, and bandwidth, which pose significant challenges.
Specifically, the energy aspect holds prime importance, particularly due
to the deployment of hundreds of nodes in natural environments like
wetlands, causing difficulties with battery replacement. Consequently,
one of the goals is to ensure efficient network utilization by extending
the lifetime of the nodes as much as possible. Notably, image processing
and transmission are the major energy-consuming stages in a WMSN-
based surveillance system. Therefore, it is essential to minimize the
volume of the captured and transmitted visual data. In addition, the
large-scale deployments of WMSNs are quite challenging under natural
environmental conditions. This is because natural surroundings present
harsh circumstances, previously unseen during the pre-deployment
testing stage, which could cause bugs and performance degradation
in the deployed WMSN. The negative influences from the numerous
constraints and unknowns could not be extensively modeled only with
the help of simulations and testbeds inside laboratories [8].

Addressing these issues, this paper proposes an energy-efficient
WMSN monitoring system specifically tailored for waterbirds in wet-
lands. The system leverages local audio preprocessing for intelligent
identification, effectively reducing unnecessary image transmissions
and optimizing resource utilization. Additionally, digital twin (DT)
technology is integrated to create real-time replicas of the WMSN and
the monitoring application, enabling cooperative dynamic control for
optimal performance. Key contributions of this work include :

• A low-cost audio preprocessing is employed to identify birds de-
spite surrounding noises, thanks to a prior denoising step. This re-
duces unnecessary image transmissions. Each image undergoes a
low-complexity compression scheme prior to transmission, further
enhancing energy efficiency ;

• Our DT implementation features a real-time feedback mechanism,
enabling rapid and accurate analysis of the current state of the
WMSN. This drives dynamic fuzzy logic control of the data rate
ensuring a balanced approach between efficient resource utilization
and surveillance quality ;

• What-if scenarios has been effectively leveraged to find the most suit-
able settings of the controller, including fuzzy set definition and con-
trol rules, as well as the control periodicity. The results demonstrated
good responsiveness while maintaining system stability ;

• The collaboration between the network and application DTs empow-
ers the system’s efficiency by intelligently controlling the transmis-
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sion rate to meet both QoS and QoE demands ;
• The effectiveness and performance enhancements achieved by inte-
grating DT into the WMSN-based surveillance system are validated
through comprehensive experiments in scenarios that correspond to
a real-world wetland.

The remainder of this paper is organized as follows. Section 2
provides an introduction to DT paradigm and fuzzy logic control prin-
ciples laying the foundation for understanding the proposed system.
Section 3 delves into the related work on waterbirds monitoring and
the utilization of DT technology for natural environment surveillance.
The proposed system is described in Section 4. Section 5 elaborates on
the experimental details along with the specific research use-case con-
sidered for the DT-based control. The experimental results are discussed
in Section 6. Finally, Section 7 concludes the paper.

2. Background

2.1. Digital twin technology: An overview

The evolution of the DT concept began in 2002, when Prof. Grieves
introduced it in the Product Lifecycle Management (PLM) course at the
University of Michigan [9]. After a period of a slow development from
2003 to 2011 [10], technological advancements in sensor technology,
IoT, big data analytics, simulation technologies, machine learning (ML),
and computational infrastructure propelled the rise of DT technology.
NASA’s formalization of the DT concept and its potential to enhance
performance in aetronautics and aerospace further boosted its popular-
ity [11]. In 2014, Grieves expanded its scope from a conceptual idea
to numerous practical applications [12]. Since then, DT applications
have gained significant traction, becoming one of the top-ten most
promising technology trends for the upcoming decade [13]. Despite
the burgeoning interest in DTs, a common thread among various in-
terpretations, is the notion of a DT as a virtual mirror, providing an
all-encompassing reflection of the attributes of the real physical system.
Key to DTs is the seamless synchronization between the physical and
virtual realms. Unlike mere simulations, DTs can access real-time data
from their physical counterparts, ensuring continuous and dynamic
updates. This continuous update mechanism enables DTs to serve as
powerful tools for optimizing performance, predicting failures, and
improving decision-making across a wide range of applications.

A DT is composed of four fundamental components [14]. The phys-
ical part embodies the tangible asset, system, process, or environment
that corresponds to the physical twin. It is the real-world counterpart
that is being mirrored in the virtual world. The digital part is the core
essence of the DT concept. It is the virtual counterpart of the physical
element. This digital representation serves as a source of valuable
insights, enhancing the comprehension of the physical entity. It can
be used to visualize the physical system, simulate its behavior, and
predict its future state. The data feed plays a pivotal role in supplying
the DT with real-time information regarding its physical counterpart.
The specifics of data collection are tailored to the unique requirements
of the particular application use case. Data feeds can come from a
variety of sources, including sensors, databases, and external systems.
Interventions are the actions that are taken based on the insights gained
from the digital part. They can be used to optimize the performance of
the physical twin, prevent failures, and improve decision-making.

A common misconception in DT research involves the level of
integration within DT systems, which is determined by the extent of in-
formation exchange between the physical and digital counterparts [15].
This distinction separates genuine DTs from digital models and shad-
ows. In digital models, there is no automatic data synchronization
between the physical and digital parts. Digital shadows exhibit a one-
way automatic synchronization from the physical entity to its digital
counterpart. The digital representation is continuously updated with
real-time data, but the feedback loop is unidirectional. Digital Twins, on
the other hand, embody the highest level of integration, boasting two-
way automatic data synchronization between the physical and digital
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components. This bi-directional exchange enables real-time data flow,
allowing for the digital representation to not only reflect the physical
system’s state but also influence it through simulated interventions.
Unfortunately, many DT researchers fail to explicitly classify their im-
plementations by integration level, leading to the broader application
of the term ‘‘DT’’ to encompass digital models and shadows.

2.2. Decision-making based on fuzzy logic

Fuzzy logic, introduced by Zadeh in 1965 [16], is a mathematical
framework designed to address the intricacies of imprecision and uncer-
tainty in decision-making [17]. Its core concept is the notion of fuzzy
sets, which depart from traditional binary sets where elements either
unequivocally belong (with a degree of 1) or do not belong (with a
degree of 0). Instead, fuzzy sets allow elements to belong to a certain
degree, represented by a value between 0 and 1, capturing the essence
of partial membership. Membership functions serve to quantify this level
of belonging, employing various shapes like triangular, trapezoidal, or
Gaussian to represent diverse levels of uncertainty.

Fuzzy logic commonly operates on linguistic variables, which rep-
resent concepts using linguistic terms like ‘‘Bad’’, ‘‘Good’’, and ‘‘Ideal’’.
Each linguistic term is assigned a fuzzy set with associated membership
functions that define its range of applicability. Fuzzy rules, expressed
in the form of ‘‘IF-THEN’’ statements, establish relationships between
input variables and output variables. They embody linguistic reasoning
capabilities, allowing systems to make decisions based on imprecise or
qualitative information.

The fuzzy inference system orchestrates the fuzzy rules to determine
the degree of satisfaction of each rule in light of the current input
values. It employs logical operators like ‘‘AND’’, ‘‘OR’’, and ‘‘NOT’’ to
combine the fulfillment degrees of individual conditions within each
rule. Following the evaluation of fuzzy rules, the next step involves
aggregating the results from multiple rules to obtain a crisp, non-fuzzy
output value. This process, known as defuzzification, translates the fuzzy
logic reasoning into a single, definitive decision.

3. Related work

3.1. Energy-efficient WMSN-based monitoring strategies

In a WMSN, image processing and transmission are the two most
energy-consuming stages. In order to reduce the size of visual data
that needs to be processed and transmitted, several strategies have
been proposed in the literature. One such strategy is to use low-
complexity and energy-efficient image compression algorithms adapted
for WMSNs [18,19]. Other various research endeavors [20–22] have
been carried out with the objective of detecting and extracting objects
in images. The underlying principle of this approach is the extraction
of salient information and subsequent transmission of significantly re-
duced data in comparison to the original visual data. Only the portions
of the images that encompass a mobile object are communicated via
the network, instead of the entire video. In a related study [23], a novel
probabilistic approach for WMSNs is proposed leveraging object pres-
ence detection and an image transmission scheme. Specifically, when
an object is detected in the scene, only the relevant area containing
the object is transmitted using 2D-DWT coding. The authors assert
that their approach significantly reduces node energy consumption,
achieving an impressive 95% energy savings. In [24], the authors
introduce an efficient technique for object classification that operates
locally on a camera sensor. This method employs two object features
of the video images : the minimum object bounding box shape and
the object velocity in the monitored area. The authors assert that
satisfactory classification accuracy can be achieved without imposing
substantial demands on the storage and energy resources of the camera
sensors. Other approaches to reduce the amount of multimedia data
at the sensor node involves using recognition schemes. For instance,
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in [25], the authors present an energy-efficient scheme for moving
target detection using a two-tiered cluster-based WMSN, which they
claim reduces network energy by 65% compared to other methods in
the literature. Moreover, [26] presents an innovative method for image-
based object identification in WMSNs using object shape features. Their
work focuses on the development of a low-complexity scheme that
utilizes image processing techniques to identify target objects. The
authors contend that their approach performs exceptionally well in
identifying specific targets while imposing minimal power processing
requirements when compared to image transmission.

An alternative strategy for reducing the volume of visual data trans-
mitted involves online video summarizing, as proposed in [27]. This
technique involves a low complexity algorithm that eliminates redun-
dant frames from the captured video stream. Initially, each input frame
is represented by extracting representative features, which are then
clustered using an online Gaussian mixture model. The decision to re-
tain or discard a frame is based on the clustering outcomes. Background
subtraction represents another technique for extracting foreground ob-
jects in videos, as discussed in several studies such as [28–30]. For
instance, [29] proposes an efficient compression-based background
subtraction approach aimed at minimizing object extraction and trans-
mission energy in WMSNs. This method employs compression on the
difference frame. A foreground threshold is subsequently applied to
the resulting difference measurements to determine those that will be
utilized to reconstruct the foreground. As a result, only the pertinent
measurements are transmitted instead of the entire video. In addition,
several investigations, such as the work conducted by [31], have em-
ployed motion detection as a mechanism for energy-efficient image
transmission. Specifically, the camera is activated solely upon the
detection of motion by the corresponding sensors in the surrounding
vicinity. We mention [32], where the authors propose an architecture
of sensor nodes equipped with a camera and a Passive Infrared Sensors
(PIR). The video processing module is only triggered when a moving
object is detected by the PIR sensor.

Despite the reduction in the size of transmitted video data resulting
from the above-mentioned techniques, the processing or/and transmis-
sion of unnecessary images can proceed when non-interest images are
captured, leading to excessive energy consumption. To the best of our
knowledge, there have been only a limited number of studies that
attempt to integrate audio and visual data in sensor networks to achieve
energy-efficient operations. In this context, we highlight [33], where
they propose an energy-efficient architecture for combining visual and
audio data in a sensor node to detect and recognize various threats
and objects. However, their model is not designed to address complex
environmental noise conditions, which poses a significant constraint in
our application. Therefore, improving the local audio design constitutes
a primary necessity.

3.2. Digital twin for monitoring natural environments — application and
network perspective

Over the span of the last two decades, the notion of DT has evolved
from a mere idea to a well-established concept. In simple terms, a
DT is defined as an accurate virtual model designed to reflect the
state of a physical entity for the purpose of optimization [34]. More
recently, DTs are being increasingly developed not only for the tradi-
tional engineering applications but also for various aspects of natural
environments. Specifically, the integration of DTs with the monitoring
systems dedicated to natural environments, such as wetlands, enables
a more comprehensive understanding and improved management of
these ecosystems [35]. Such DTs could well become the game changers
for researchers and environmentalists in their efforts to preserve the
natural world amidst the global environmental crisis.

In the context of WMSN-based monitoring systems, the associated
DT could be developed from two perspectives : application perspective

and network perspective. Application DT (ADT) refers to the virtual
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Table 1
Summary of related work : using DTs in natural environment surveillance.

Ref. Target environment Implementation Networking
considerations

Main contribution

[36] Mountain Theoretical framework ✓ A DT architecture for early warnings of geological disasters in
mountainous regions is proposed with discussion of implementation
methods.

[37] River-basin Methodological guidance ✓ Discussion on the key technologies required to realize DTs of
riverbasins and proposal of a technical framework.

[38] Forest Reference framework ✓ Proposal of a framework to design a forest DT for the enhancement
of sustainable forest management practices.

[39] Mountain Theoretical framework ✓ Discussion on adopting digitally enhanced disaster risk reduction
strategies through Territorial DTs to promote evidence-based
decision-making and community engagement.

[40] River High level architecture ✗ Laying of the foundation for an Earth system DT for flood
prediction and analysis along with a high level architecture.

[41] Forest Theoretical analysis ✗ A DT architecture for virtual plantation forest modeling and data
analysis is proposed to enhance forestry research and management.

[42] Wetland Prototype ✓ A DT architecture for early warning of geological disasters in
mountainous regions with discussion of implementation methods.

[43] Flood Prototype ✓ Presentation of StormSense, a DT platform for flood management
and coastal resilience planning.

[44] Dam & watershed Prototype ✓ Development of a DT platform for dam and watershed management,
using real-time data and simulation models for flood response and
water resource management.

[45] Air Prototype ✗ Presentation of a DT for a complex airfield ecosystem, represented
as a geometrically configured point cloud, to assess air quality in
the controlled area of an airport.

[46] Ocean Prototype ✓ Use of DTs for monitoring, operation and maintenance of an
underwater network of ocean observation systems.

[47] River Prototype ✓ Using timely and accurate satellite data to calibrate a 2D hydraulic
model for simulating a levee breach event.

Ours Wetland Prototype ✓ A novel WMSN system that utilizes local audio processing to
recognize waterbirds. Application and network DTs cooperation is
featured for optimal performance.
representation of the high-level application running on the sensor
network, such as waterbirds monitoring, that captures the behavior
and functionalities of that specific application. On the other hand,
the network DT (NDT) is the digital representation of the physical
network itself. Hence, the ADT predominantly prioritizes the QoE by
replicating the application-level behavior. In contrast, the NDT places
greater emphasis on QoS, focusing on the performance and reliability
of the network infrastructure.

While there has been some recent research on the application of
DTs for monitoring natural environments, many of these studies fail
to fully embrace the true potential of DTs by implementing only one-
way or manual data synchronization mechanisms. For instance, [48]
proposes a DT system for understanding the relationship between ur-
ban expansion and the nearby natural environment, but it does not
implement an automatic two-way data synchronization mechanism.
Similarly, other studies, such as [49–51], also fall short of imple-
menting a true DT by relying on digital models. On the other hand,
studies such as [52–56] concern digital shadows where only one-way
automatic synchronization exists from the physical part to its digital
replica. For instance, [56] presents a DT system prototype for the
purpose of increasing meaningful engagement of children with the
natural world.

Table 1 summarizes existing research efforts in the domain of digital
twins for natural environment monitoring, focusing on those concerned
with true digital twins, where there is automatic control feedback and
real-time updates to the model based on real-world data. While the
literature primarily discusses the ideas, frameworks, and technologies
for developing digital twins in various natural environments, there
are limited real-world implementations. For instance, [42] proposes a
reference architecture for digital twins in wetlands, incorporating mass
personalization capabilities, while [46] utilizes digital twins for mon-
itoring, operation, and maintenance of underwater ocean observation
systems.

While developing DT-based solutions for natural environments, a
149

common tendency is to focus primarily on the creation of the DT
model for the target environment, often assuming that the underlying
monitoring infrastructure will be readily deployed without any chal-
lenges. However, this assumption often falls short in complex natural
environments, particularly in large-scale deployments. Unfortunately,
many researchers overlook or underestimate the crucial role played by
networking and communication aspects, which are fundamental pillars
of the DT concept. Despite the inclusion of networking considerations
in some studies [36–39,42–44,46,47], these aspects often receive su-
perficial treatment, lacking detailed technical specifications and chiefly
focusing on logical architectures. Thoroughly integrating networking
considerations when developing DTs is essential for ensuring their
seamless operation and maximizing their potential. This goal can be
effectively achieved by considering the creation of a DT for the network
itself, providing a more comprehensive approach that encompasses
both network and application requirements.

Numerous research efforts have delved into the concept of the
network DT (NDT), exploring a range of architectures, modeling per-
spectives, and techniques, alongside proposing a variety of networking
services. These endeavors aim to fully unlock the transformative po-
tential of the DT paradigm within the networking domain [57]. IETF
is actively spearheading the standardization of the NDT concept. Their
latest draft [58] provides an insightful overview of the core concepts,
a reference architecture, and the primary challenges associated with
building an NDT. [59] introduces a machine learning-driven NDT as
an indispensable tool for effectively controlling and managing modern
networks. Another study [60] presents a holistic architecture for NDT
in wireless systems. Addressing the complexities of NDT modeling and
data collection, [61] proposes a four-layer architecture. [62] showcases
an NDT leveraging graph neural networks to predict global QoS and
model intricate network characteristics.

The existing literature underscores significant advancements in the
development of ADTs for natural environment monitoring applica-
tions, as well as general NDTs. While some studies have incorpo-
rated networking aspects, the maximum potential for WMSN-based

monitoring systems lies in the collaborative integration of these two
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Fig. 1. Integration of DT technology with the energy-efficient WMSN encompassing local audio classification.
approaches. To the best of our knowledge, no previous studies have
explored the combined utilization of application and network DTs to
enhance the performance of WMSN-based monitoring systems, partic-
ularly for natural environment-related applications such as waterbirds
monitoring. Therefore, our research is centered on this dual-perspective
collaboration.

4. Digital twin-based WMSN efficient monitoring

The primary objective of our surveillance system is to accurately
identify, recognize and count the population of specific waterbird
species. To do so, we propose a WMSN monitoring infrastructure
(Fig. 1) that incorporates source nodes equipped with audio and image
sensors to capture their vocalizations and photographs. These source
nodes are assumed to be independent of each other, capturing audio
and images that effectively lie outside each other’s field of view. The
network consists of multiple intermediate nodes that facilitate packet
forwarding towards a collect station (the sink). To prolong the network
lifespan by reducing the energy consumed per node for visual data
processing and transmission, we suggest implementing a preliminary
local audio identification phase (Section 4.1) prior to activating the
camera. Rather than capturing and transmitting to the sink at all
times, the image sensors are activated based on the outcomes of an
audio identification process. Prior to the transmission, the captured
images undergo a low complexity compression and encoding technique
(Section 4.2) to further save energy and resources.

The captured images need to be transmitted and delivered to the
sink in real-time (almost) ensuring that the monitoring system is con-
tinuously updated with the most current information about the wetland
environment. Furthermore, it is essential that the images delivered to
the sink are of high quality to enable effective application of waterbirds
species recognition and counting processes, which are the ultimate
goals of the system. However, similar to any WMSN, this system is also
prone to faults and issues that can impede the effectiveness of species
recognition and counting procedures. For instance, network congestion
can result in packet losses, which in turn may degrade the quality of
images received at the sink. Hence, a DT implementation for this system
is invaluable for continuously tracking the WMSN. This way, the DT
can detect any anomalies in real-time and take adequate corrective
measures to optimize the system’s performance.

The integration of a DT with the WMSN is depicted in Fig. 1. The
real-time image data captured by the source node, based on the local
150
audio identification, traverses the network, passing through intermedi-
ate nodes, to reach the sink node. The sink node serves as a gateway,
forwarding the data to an end system, which is hosted remotely, for
the purpose of waterbirds recognition and counting. Concurrently, the
DT is connected to the sink node and actively monitors the WMSN
leveraging the bidirectional connectivity. This automatic two-way data
synchronization not only enables the DT to have real-time knowledge
of the system but also allows it to intervene when necessary. The
interventions may involve making modifications either at the source
node or within the traffic carrying network.

Although ADT and NDT have distinct focuses, collaboration be-
tween them allows for a comprehensive understanding and effective
management of the associated system, considering both the end-user
requirements as well as the underlying network characteristics. This
dual perspective enables a holistic approach to system analysis, con-
trol and optimizations. Fig. 2 depicts this collaboration between the
ADT and the NDT. Data gathered from the WMSN-based monitoring
system is utilized to update both the ADT and the NDT. The up-to-
date information on the QoE and QoS from the ADT and the NDT,
respectively, is then used to assess the current state of the system.
Subsequently, appropriate optimization measures are communicated to
the real-system in order to enhance its performance. It is to be noted
that all of these operations occur dynamically and in real-time while
the system is actively running.

4.1. Local audio identification

We have previously described our real-time audio identification
phase in [63,64]. During this phase, audio signals from the surrounding
environment are regularly sampled. First, the captured audio signal
undergoes a denoising process to remove any unwanted noise present
in the signal. This denoising process is based on the geometric approach
to spectral subtraction presented in [65]. Next, the Mel Frequency Cep-
stral Coefficients technique [66] is applied to the captured audio signal
to extract the distinctive and representative features while eliminating
non-useful information. Lastly, utilizing the Dynamic Time Warping
(DTW) distance with a threshold-based matching approach [67], the
extracted features are compared to the reference waterbird sounds.
This comparison allows for the classification that whether the captured
audio signal corresponds to the presence of a waterbird or not. Only
when the processing of the captured audio signal detects the presence

of a waterbird, the camera is activated to capture an image, which
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Fig. 2. Collaboration between the application DT and the network DT.

is subsequently transmitted to the sink node. Therefore, the audio
identification serves as the determining factor for capturing the images.

4.2. Image encoding at the source

To reduce power consumption due to data transmission in our
constrained WMSN, it is necessary to compress the visual data to a con-
siderable extent before transmitting it to the end user. To address this
requirement while saving energy and limiting processing resources, we
use a low-complexity image compression method provided by Sense-
Vid [68]. A captured image to be transmitted is broken down into 8 × 8
locks. Subsequently, a low complexity DCT (binDCT-C) is applied on
very block using a triangular pattern, taking into account solely the
oefficients situated in the upper left triangle, with a side length 𝜌 = 8.
his reduces the complexity of the DCT and optimize its processing
y eliminating redundant coefficients. The DCT block coefficients are
uantified using the standard JPEG quantization matrix. The resulting
lock is then subject to traditional zigzag scanning. Finally, lossless
ntropy coding is employed using exponential-Golomb. Fig. 3 depicts
he encoding steps.

In quantization, lossy compression is achieved by reducing the
umber of bits needed to store an integer value. This significantly
educes the size of an image enabling efficient storage and transmission
long with energy savings. However, it is to be noted that quantization
ntroduces a trade-off between compression rate and the resulting im-
ge quality. The higher is the compression rate, the lower is the image
uality and vice versa. This trade-off could be achieved by adjusting the
uantization matrix values through the selection of a proper quality
oefficient (QC). A QC value of 1 corresponds to the poorest visual
uality while a value of 100 results in the best possible quality.

.3. Image quality evaluation at the sink

In our monitoring system, the sink node must assess the quality
f the received images without any available reference (transmitted
mages). As a result, we suggest to use the Blind/Referenceless Image
patial Quality Evaluator (BRISQUE) metric [69] to assess the quality
f the received images. BRISQUE is a no-reference metric, specifically
esigned to quantify the distortion in a digital image without access to
he original reference which is in close resemblance to how humans
isually perceive images. It is a holistic metric that leverages scene
tatistics to accurately quantify potential losses of naturalness in an
mage caused by distortions. Its performance is statistically compara-
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le to other full-reference metrics such as Peak Signal-to-Noise Ratio a
PSNR) and the Structural Similarity Index Measure (SSIM) [70], while
aintaining low computational complexity making it suitable for real-

ime applications. For an input image, BRISQUE provides a quality
core between 0 and 100, where lower scores indicate better perceptual
uality.

Our application and network digital twins have been harnessed
o conduct what-if scenarios, offering a valuable tool for parameter-
zing our controller (Section 4.4), ensuring its ability to seamlessly
dapt to diverse operating conditions and achieve optimal performance.
hrough the simulation of hypothetical scenarios, we can meticulously
xplore the controller’s behavior under a wide range of input and
utput combinations, enabling us to fine-tune its parameters for en-
anced performance. Specifically, what-if scenarios have been executed
o evaluate the impact of varying quantization parameters (QCs) on
he BRISQUE scores of compressed images. Three distinct wetland
cenes are selected encompassing different waterbirds. Snapshots of
ach of these three scenes are shown in Fig. 4. Fig. 5(a) shows the
elationship between the value of QC and the average BRISQUE score
before transmission) of the compressed images across the three scenes.
or a given QC value, the BRISQUE scores across 30 consecutive images
f a single scene are averaged out. It can be seen that with the rise
n the value of QC, there is a corresponding decrease in the average
RISQUE score that plateaus around a value of 30. In our case, we
re considering the desired or acceptable value of the BRISQUE score
o be 38, as indicated by the dashed line in the graph. The selection
f this value is guided by our internal researchers involved with the
aterbirds monitoring application, where the images are intended for
aterbird species recognition and counting purposes. It is to be noted

hat this value is subject to variation depending upon each individ-
al application. The zoomed-in section of the graph highlights that
ach scene achieves the ideal BRISQUE score at a different QC value.
ence, the QC value at the source nodes cannot remain constant but
eeds to be adjusted depending on the specific image. Additionally,
dopting consistently a high QC value may indeed achieve the desired
RISQUE score; however, it would negatively impact the transmission
atarate and energy consumption at the source nodes. Figs. 5(b) and
(c) demonstrates the relationship between the value of QC with the
verage datarate and the average encoding energy (before transmission),
espectively. It is clear from the figures that with the rise in the value
f QC, both the average datarate as well as the average encoding
nergy continually increases. This reinforces the notion that excessively
igh QC values are detrimental for the system as it escalates the
nergy consumption while increasing the risk of network congestion.
or this reason, selecting the right QC value (in this case, within the
lack vertical lines) is crucial in ensuring optimal system performance
here the BRISQUE score is ideal, energy consumption is minimal and
otential network congestion is mitigated.

So far, the discussion has been about the effect of QC on the
ompressed images at the source nodes. However, it is important to
ote that these images are to be transmitted through the network to
each the sink node. Packet losses on the network can result in a
eterioration in the final BRISQUE score of the image upon reception.
herefore, the Packet Delivery Ratio (PDR) for a transmitted image

s also significant alongside QC in determining the image quality at
he sink node. Fig. 6 depicts the relationship of QC and PDR on the
alues of average BRISQUE score at the sink node for wetland scene 1
Fig. 4(a)). As expected, for a value of QC, the average BRISQUE score
ecreases with the increase in PDR. This is logical as a higher PDR
alue corresponds to a lower number of missing components, resulting
n better image quality.

.4. DT-based decision making: Fuzzy logic based dynamic control

In order to validate the proposed integration of DT technology
ithin the energy-efficient WMSN-based waterbirds monitoring system,

specific research use-case is considered, involving the compression
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Fig. 3. The encoding sequence of M-frame block.
Fig. 4. Snapshots of three different wetland scenes used for understanding the impact of QC.
Fig. 5. Effect of varying QC on the BRISQUE score, datarate and encoding energy of the compressed images (before transmission).
Fig. 6. 3D scatter plot of average BRISQUE score with varying QC and PDR (after
transmission) at the sink for wetland scene 1.

rate of the captured images at the source nodes. We suggest to establish
an algorithm that interacts with the ADT and the NDT to monitor the
network as well as the quality of the received images at the sink node.
Based on this, informed decisions are made regarding the adjustment
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in the compression rate (via the value of QC) at the source nodes.
By leveraging the real-time information of the system available from
the DT, performance could be optimized while the system is actively
running. It is important to note that image quality is also influenced by
parameters other than QC such as the triangle side length 𝜌 introduced
in Section 4.2. Fig. 3 depicts its incorporation into the encoding process.
For additional parameters, the reader is referred to [68]. However, in
this work, only QC is being studied because it has the most significant
contribution to image quality. Moreover, considering the numerous
components and complexity of the WMSN-based waterbirds monitoring
system, it is impractical to develop an associated DT system that
encompasses all its aspects at an early research stage. Therefore, in
terms of the DT aspect, our focus is specifically on the transmission
of captured waterbird images, without addressing the audio-related
components of the system. Certainly, the initial audio identification
process does play a role in reducing energy consumption at the source
and improving overall network traffic, thereby enhancing system per-
formance. However, the DT is not directly involved in the functioning
of the audio component.

The fuzzy logic-based decision-making process utilizes two input
variables and one output variable. Specifically, the up-to-date BRISQUE
scores and PDR values of the last received image at the sink from
each source node, serve as the input parameters. These inputs are
then employed to calculate the appropriate change in the value of
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Fig. 7. Flow of the DT-based dynamic control approach.
QC that needs to be applied at the respective source node. Here, the
distinction between BRISQUE as an application-related metric and PDR
as a network-related metric is evident. Therefore, we utilize this dual
perspective of the application as well as the underlying network to
enhance the performance of the WMSN. The sink computes the features
and performs real-time updates to both the ADT and the NDT, when the
packets corresponding to a single image successfully arrive at the sink
node. For facilitating this DT synchronization, additional information
is embedded in the transmitted image packets as application layer
headers.

Fig. 7 illustrates the complete flow of the DT-based dynamic control
process. The decision making component periodically acquires the
BRISQUE score and the PDR value of the most recently received image
at the sink from the DT. Concurrently, it continuously computes the
running averages of the last three BRISQUE scores and the last three
PDR values. The rationale behind using running averages is to enhance
the reliability of the process. These running averages are then used
as inputs for the fuzzy logic phase. The fuzzy logic phase comprises
three fundamental sequential components : fuzzification, inference en-
gine, and defuzzification. Firstly, during fuzzification, the crisp-valued
inputs of BRISQUE score and PDR are transformed into fuzzy values
using input membership functions. Next, using the fuzzy rule base, the
inference engine applies IF-THEN rules to the inputs, resulting in the
computation of the fuzzy output. Finally, in defuzzification, the fuzzy
output is converted back to crisp values through the use of output
membership functions.

Fig. 8 presents the membership functions for the three involved
variables. The associated fuzzy rule base is provided in Table 2. DT
What-if scenarios are employed to establish the membership functions
and control rules, conducting a series of experiments using diverse
configurations. Six rules are derived to guide the modification of the
QC value at the source nodes. In general, if the BRISQUE score is within
the too good range, then the QC value should decrease to conserve
energy at the source node. In case, the BRISQUE score is ideal, then
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Table 2
Fuzzy rule base.
Rule # BRISQUE PDR QC update

1 Too Good High Decrease
2 Too Good Low Decrease
3 Ideal High No Change
4 Ideal Low No Change
5 Bad High Increase
6 Bad Low Decrease

no change is required. The PDR comes in the equation only when the
BRISQUE score is bad. If the BRISQUE score is bad while the PDR
is high, this means that there are no issues with the network and
the QC value should increase to improve the image quality. On the
other hand, if the BRISQUE score is bad when the PDR is low, it
indicates network congestion that could be mitigated by lowering the
transmission datarate at the source node. For lowering the datarate, as
discussed before, the QC value should decrease. After calculating the
output, which represents the change in QC, it is then communicated to
the respective source node. The source node receives the sent value and
adds it to its current QC value. It is to be noted that the decision-making
component only communicates with the source node if the output indi-
cates a non-zero change in the value of QC. Furthermore, once feedback
is provided to a source node, a waiting period of three subsequent
image receptions is observed before the next feedback is sent. DT what-
if scenarios were employed once more to identify a suitable waiting
period. This approach struck a judicious balance, preventing overly
abrupt reactions while ensuring the required responsiveness. A very
short period would have been insufficient to comprehensively assess
the actual traffic conditions in the network. This strategy yielded a
favorable trade-off, enabling us to attain a high level of responsiveness
alongside stability.
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Fig. 8. Fuzzy membership functions for the input and the output variables.
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5. Experimental setup and test scenarios

The implementation of the DT-informed real-time dynamic feedback
or control stands as a fundamental characteristic of any DT system.
The specifics of this dynamic control procedure depends upon the
selected use-case. In order to validate the proposed system, we conduct
experiments considering a real-world wetland scenario. Furthermore,
we compare the performance of our system with that of a conventional
WMSN-based monitoring system to demonstrate the effectiveness and
utility of our approach. Our testing framework leverages open-source
tools to demonstrate and exemplify the implementation of a simulated
WMSN. This simulated approach is a prudent first step for verifying the
system’s functionalities during the initial design phase before deploying
the actual WMSN testbed. Furthermore, we showcase the seamless
integration of DT technology into the functioning of the WMSN. The
fuzzy logic control is implemented through the utilization of a Python
package called SciKit-Fuzzy [71].

Contiki-NG (Next Generation) [72] is a cross-platform operating
system specifically developed for IoT devices operating in constrained
environments. It concentrates on reliable low-power communications
through the use of standardized protocols such as 6LoWPAN, IPv6,
6TiSCH, RPL, and CoAP. Therefore, it is an ideal choice for this work
involving a WMSN. The Contiki-NG distribution also includes Cooja
simulator that provides a simulated environment for running IEEE
802.15.4 networks. In the context of this work, Cooja simulator is
utilized to simulate the WMSN for waterbirds monitoring, eliminating
the need for Contiki-NG supported hardware. Furthermore, Contiki-NG
facilitates a smooth and efficient transition from simulations to real
hardware implementations. This way, virtually tested solutions are able
to be seamlessly transferred and deployed on actual IoT devices.

The Cloud2Edge Package [73] from the Eclipse Foundation, utilized
in this work, provides an integrated platform for DT development.
It combines two different tools, namely, Hono [74] and Ditto [75].
Hono provides simplified connectivity to various types of IoT devices
through several APIs that support protocols such as MQTT, CoAP, and
HTTP [76]. Upon receiving telemetry data, Hono performs authentica-
tion before forwarding that data to Ditto. On the other hand, Ditto is
solely for the purpose of creating and managing DTs in a standardized
way. It employs a structured approach for organizing twin data into
things comprising attributes and features that reflect the current state
of the associated system. It provides several APIs that allow storage, up-
date, and access to the latest twin data. The data hosted in Ditto could
also be accessed by external applications and services. Figs. 9(a) and
9(b) displays the application twin and the network twin, respectively,
as accessed from Ditto. The features other than the BRISQUE score and
the PDR, contribute towards the usability of the DT.

In order to emulate the capture, encoding and transmission of real
images, we made use of SenseVid [68]. SenseVid is a WSN specific
image/video transmission and evaluation tool that employs the video
traffic trace approach, enabling its usage in both simulation as well
as real testbed networks. It performs images encoding and generates
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two trace files as output, namely the frame trace file, st-frame, con-
ains information about the encoded image and the sender trace file,
t-packet, informs about the data packets that are to be transmitted. On
he receiving side, a trace file called rt-packet is used by SenseVid to
ebuild the received image. Moreover, there is also an estimate about
he energy spent on capturing and encoding each image.

Given that our proposal involves the incorporation of two addi-
ional features into a conventional WMSN-based monitoring setup,
ur approach entails selecting three test scenarios. We begin with a
asic conventional WMSN, gradually introducing each feature one by
ne in the subsequent scenarios. By comparing the performance of
ach scenario to its preceding counterpart, we aim to clearly observe
he benefits and improvements resulting from the addition of these
eatures. The three considered scenarios are depicted in Fig. 10 and
re described in the following subsections.

.1. Scenario 1 — Conventional WMSN

The initial scenario comprises a straightforward simulated WMSN.
he Cooja simulator is used to simulate the network nodes. In addition,
o emulate the image capturing, encoding, transmission, reception,
nd decoding capabilities at the sources and the sink, Python scripts
xternal of the Cooja simulator that incorporate SenseVid are utilized.
he first Python script establishes a serial connection with a specific
ource node and sequentially forwards it the data packet sizes from
ll the st-packet trace files. These trace files are generated for all the

images that are intended to be transmitted to the sink node. The source
node continually listens on the connected serial socket. Upon receiving
a serial message, it creates a data packet of a length corresponding to
the size indicated in the message and forwards it towards the sink node.
The intermediate nodes in the network simply forward the incoming
packets to the next node. The first python script also takes care of
the (almost) real-time transmission of the images. In order to clarify
his, lets say there are 30 images to be captured, compressed, encoded,
acketized, and transmitted to the sink node within 30 minutes. In
his case, the interval between each image is 1 minute which means
hat all the packets in an st-packet file for a specific image should be
ransmitted to the sink node within this time period. This strict time
onstraint determines the inter-packet delay, which is quite crucial,
s will be further discussed in the upcoming sections. The sink node
eceives the incoming packets from the source node and forwards it to
he second Python script that is connected to it through a serial link.
he second python script constructs the rt-packet trace file for all the
eceived packets of an image in real-time and emulates image decoding
sing SenseVid.

In this scenario, which represents the operation of a basic WMSN,
he source nodes continuously capture and transmit images to the
ink node at regular intervals. However, in our waterbirds monitoring
pplication, this continuous image transmissions can result in wastage
f energy. It is possible that the camera triggers and sends images even
hen no waterbird is present, leading to increased energy consumption
ithout meaningful data.
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Fig. 9. Digital Twin in Ditto.
Fig. 10. Test setup for the three scenarios.
5.2. Scenario 2 — Energy-efficient WMSN

The second test scenario enhances the energy efficiency of the
initial basic WMSN setup by incorporating a preliminary local audio
identification stage at the source nodes. This enables the source nodes
to identify the presence of waterbirds in the vicinity and selectively
capture and transmit images only when absolutely necessary. However,
the first Python script now takes into consideration the output of the
preliminary local audio identification phase at the source nodes. Instead
of continuously capturing and transmitting images in all the intervals,
it selectively activates these processes only during intervals when the
output indicates the presence of a waterbird. It is important to note
that in this work, we do not focus on establishing the efficiency and
accuracy of the techniques involved in the local audio identification,
as they have already been addressed in our previous work [63,64].
Instead, our aim is to utilize the output of the identification stage as
opposed to regular continuous transmissions, in order to observe the
impact of such a strategy on the operation of the WMSN.

5.3. Scenario 3 — Energy-efficient DT-based WMSN

The third and final test scenario involves the integration of DT
with the energy-efficient WMSN from the second test scenario. As
shown in Fig. 10, this setup extends the scenario 2 by incorporating
155
the DT-related tools alongside the existing components. Based on the
considered research use-case, the second Python script updates the ap-
propriate DT present inside the Cloud2Edge package. For updating the
DT, the script sends commands to the Constrained Application Protocol
(CoAP) adapter of Hono. CoAP is specialized for constrained devices
and facilitates their connectivity to the wider Internet. Hono forwards
the updates to Ditto where the DT are hosted. Inside Ditto, there
are two DTs, one dedicated to the application and the other specific
to the network. Ditto provides HTTP APIs to expose DTs to external
applications. This enables the utilization of twin data for continuous
intelligence, automated decision making and predictive maintenance
by the incorporation of rules based on specific goals, optimization
algorithms and advanced analytics. The third Python script is for the
real-time decision making based on up-to-date information from the DT
via the HTTP APIs. During the runtime of the application, this script
utilizes the continuously updating information from the DT to asses the
current state of the system and determine, based on the programmed
logic, if a control command is required or not. In the current setup,
the control is implemented through asynchronous messaging between
the third and the first Python scripts (effectively at the source node).
While the network could also be directly controlled, adjusting network
parameters during runtime in Cooja simulator is quite challenging.
Therefore, the approach of making changes at the source node is
adopted.
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Fig. 11. The utilized network topology, inspired by a real wetland environment.
It should be noted that in a real system, the complete control path
would involve communication from the DT to the sink node through
the network to the source node. However, given the current emphasis
on testing and validating the proposed system which contains some
simulated and emulated components, direct asynchronous messaging
between the relevant scripts proves to be sufficient. An essential clarifi-
cation here is that the introduction of the DT may appear contradictory
to the energy-efficiency goal pursued in the second test scenario, where
we aim to increase the WMSN’s lifespan. However, it is important to
note that the local audio identification stage contributes in enhancing
the energy efficiency of the source nodes which are assumed to be
resource-constrained battery-powered devices. On the other hand, the
DT is located at the sink side, where resources, including energy, are
considered to be more abundant.

5.4. Network topology based on a real wetland

The WMSN topology utilized in Cooja for conducting the test scenar-
ios is derived from our study on a prominent Algerian wetland known
as Tonga Lake. Tonga Lake is situated in the National Park of El-Kala
and is the most significant breeding area in North Africa for several
different kinds of waterbirds. Fig. 11 presents our considered network
topology consisting of three source nodes, several intermediates and
a sink node. This topology is chosen in relation to the Tonga lake
and its unique characteristics including the distribution of the water-
birds across the lake along with its dimensions. This information is
determined through our visits to the site and consultation with forest
conservation authorities. The nodes are intended to be placed across
a 500 m × 960 m field. The three source nodes are assumed to be
independent of each other, capturing audio and images that effectively
lie outside each other’s field of view. Each of the three source nodes
has a varying number of hops distance to the sink node. The sink
node is positioned at the center of the lower edge of the network.
The transmission range of the nodes is around 80 meters. As stated
before, the sink node is not resource-constrained like the other nodes
in the network, which allows it to maintain a backhaul connection.
Consequently, the DTs can be hosted remotely on the cloud, as the sink
node can efficiently communicate with them.

Table 3 lists down the network settings of the Cooja simulator. In
the simulated network, all nodes are of type Cooja and are configured
to run the standard protocol stack. With this protocol stack, the physical
layer of the network is based on the IEEE 802.15.4 standard, designed
for devices having low-data-rate wireless connectivity with limited
battery consumption requirements. The MAC layer uses Carrier-Sense
Multiple Access (CSMA) while the network layer has Routing Protocol
for Low-Power and Lossy Networks (RPL) [77]. The source nodes are
programmed to run as a User Datagram Protocol (UDP) clients, while
the sink node functions as a UDP server. The employed propagation
model is the Unit Disk Graph Medium (UDGM).
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Table 3
Network settings in Cooja.
Parameter Value

Mote Type Cooja Mote
Radio Medium UDGM: Distance Loss
Transport Layer Protocol UDP
Network Layer Protocol RPL
MAC Layer Protocol CSMA
Physical Layer IEEE 802.15.4
Topology Cluster
Number of Nodes 86

6. Results and discussion

In this section, we present and analyze the experimental results
of our test scenarios. As previously discussed, we conduct a perfor-
mance comparison for each scenario with its preceding counterpart to
demonstrate the effectiveness of each newly added feature.

6.1. Test scenario 1 — Conventional WMSN

As mentioned earlier, in this test scenario, the source nodes continu-
ously capture and transmit images to the sink node. In our experiments,
all the source nodes operate simultaneously, with each node trans-
mitting a set of 60 images. The time slot allocated for transmitting a
single image is set at 40 s. Consequently, the total simulation time is
approximately 40 minutes. More specifically, source node 1 transmits
subsequent images from wetland scene 1 (Fig. 4(a)), source node 2
transmits subsequent images from wetland scene 2 (Fig. 4(b)), and
source node 3 transmits subsequent images from wetland scene 3
(Fig. 4(c)). For all the three source nodes, the selected image resolution
is 352 × 288 while the QC value is set at 20.

Fig. 12 displays the BRISQUE scores and the PDR values for the
received images at the sink node. Notably, in this case, the per-image
PDR remains consistently close to 1 throughout the simulation for all
the images from the three sources, indicating good network condi-
tions without any packet losses. Moreover, the BRISQUE scores for
the received images from the source node 1 and the source node 2
exhibit considerable stability as evident from Figs. 12(a) and 12(c).
On the other hand, the BRISQUE scores of the received images from
the source node 2 show frequent fluctuations (Fig. 12(b)) with several
high values, suggesting that the corresponding wetland scene may not
be very visually clear.

In this test scenario, our primary focus is to observe the total energy
consumption incurred by the application at the source nodes. The
combined energy consumption of interest at the three source nodes can
be calculated as follows :

𝐸 = 𝐸 + 𝐸 + 𝐸 (1)
𝑇 𝑜𝑡𝑎𝑙 𝑠𝑜𝑢𝑟𝑐𝑒_1 𝑠𝑜𝑢𝑟𝑐𝑒_2 𝑠𝑜𝑢𝑟𝑐𝑒_3
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Fig. 12. The BRISQUE scores and the PDR values at the sink node (Test scenario 1 — Conventional WMSN).
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where 𝐸𝑇 𝑜𝑡𝑎𝑙 is the total energy consumption while 𝐸𝑠𝑜𝑢𝑟𝑐𝑒_1, 𝐸𝑠𝑜𝑢𝑟𝑐𝑒_2
and 𝐸𝑠𝑜𝑢𝑟𝑐𝑒_3 denote the energy consumption of the source node 1, the
source node 2 and the source node 3, respectively. At the individual
source node level, the energy consumption attributable to our appli-
cation is determined by the stages of image capturing, encoding, and
transmission. Hence, the energy consumption at an individual source
node can be given by :

𝐸𝑠𝑜𝑢𝑟𝑐𝑒 = 𝑁𝑖𝑚𝑎𝑔𝑒(𝐸𝑐𝑎𝑝𝑡𝑢𝑟𝑒 + 𝐸𝑒𝑛𝑐𝑜𝑑𝑒 + 𝐸𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑡) (2)

where 𝐸𝑠𝑜𝑢𝑟𝑐𝑒 is the energy consumption of a specific source node and
𝑁𝑖𝑚𝑎𝑔𝑒 is the number of transmitted images. Additionally, the energy
consumption for capturing, encoding and transmitting a single image is
given by 𝐸𝑐𝑎𝑝𝑡𝑢𝑟𝑒, 𝐸𝑒𝑛𝑐𝑜𝑑𝑒 and 𝐸𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑡, respectively. The values of 𝐸𝑐𝑎𝑝𝑡𝑢𝑟𝑒
and 𝐸𝑒𝑛𝑐𝑜𝑑𝑒 are computed by SenseVid, whereas we manually calculate
𝐸𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑡. The manual calculation of 𝐸𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑡 involves considering the
number and size of the transmitted packets in each image along with
making certain assumptions about the characteristics of the sensor
nodes, such as data rate, and other relevant factors. These assumptions
are previously well-defined in [64]. The combined energy consumption
for this test scenario is calculated to be :

𝐸𝑇 𝑜𝑡𝑎𝑙 = 𝐸𝑠𝑜𝑢𝑟𝑐𝑒_1 + 𝐸𝑠𝑜𝑢𝑟𝑐𝑒_2 + 𝐸𝑠𝑜𝑢𝑟𝑐𝑒_3

𝐸𝑇 𝑜𝑡𝑎𝑙 = 1.268 + 1.518 + 1.379

𝐸𝑇 𝑜𝑡𝑎𝑙 = 4.166 J

6.1.1. Denoising and classification accuracy
Denoising, employed in scenarios 2 and 3, stands as a critical

component of the audio identification process, as it effectively mitigates
the detrimental impact of environmental disturbances prevalent in
wetland areas. Without robust denoising, the audio identification task
is susceptible to significant performance degradation. Therefore, our
primary focus in this section lies in evaluating the influence of de-
noising on audio classification accuracy. To achieve this objective, we
compiled a collection of 117 target calls from the Xeno-canto database.1
Subsequently, these calls underwent contamination by diverse forms
of natural noises, encompassing elements such as wind, rain, and other
ambient sounds typical of lakeside environments. These contaminations
were introduced at varying Signal To Noise Ratios (SNR) of 0 dB,
5 dB, and 10 dB. The selection of these specific 𝑆𝑁𝑅 values resulted
from a comprehensive set of listening tests designed to closely mimic
real-world conditions.

Moreover, we included 50 additional recordings for evaluating the
system’s response to non-target sounds. Within this set, 30 record-
ings originated from 11 non-target bird species inhabiting the same
ecosystem as the three target species. The remaining 20 recordings
featured a diverse range of sounds, encompassing insects, water-related
noises, and other fauna commonly encountered in proximity to lakes.

1 https://xeno-canto.org/
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Table 4
Confusion matrix.

Case TP FP FN TN

Without denoising 13 2 104 48
With denoising 93 2 24 48

To further serve as a reference, we incorporated 40 clean target audio
samples, culminating in a total of 167 recordings subjected to testing.
The performance of the classification process was assessed using a
variety of metrics. To ascertain the effectiveness of our proposed audio
identification approach, we considered the following metrics :

𝑃𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛 = 𝑇𝑃∕(𝑇𝑃 + 𝐹𝑃 )

𝑒𝑐𝑎𝑙𝑙 = 𝑇𝑃∕(𝑇𝑃 + 𝐹𝑁)

-𝑚𝑒𝑎𝑠𝑢𝑟𝑒 = 2 . 𝑃 𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛 . 𝑅𝑒𝑐𝑎𝑙𝑙∕(𝑃𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛 + 𝑅𝑒𝑐𝑎𝑙𝑙)

𝑐𝑐𝑢𝑟𝑎𝑐𝑦 = (𝑇𝑃 + 𝑇𝑁)∕(𝑇𝑃 + 𝑇𝑁 + 𝐹𝑃 + 𝐹𝑁)

here, 𝑇𝑃 , 𝑇𝑁 , 𝐹𝑃 , and 𝐹𝑁 represent the counts of true positives,
rue negatives, false positives, and false negatives, respectively. Preci-
ion measures the fraction of relevant audio data among the retrieved
ounds in the dataset, while Recall (also known as Sensitivity) rep-
esents the ratio of correctly identified birds to the total number of
elevant calls in the dataset. The F-measure is a metric that balances
recision and Sensitivity. Lastly, Accuracy indicates the proportion of
orrect predictions in the dataset. The corresponding confusion matrix
an be found in Table 4.

Fig. 13 presents a visual comparison of the audio identification
ystem’s performance with and without denoising. Across all evaluated
etrics, the results unequivocally demonstrate the significant perfor-
ance gains achieved by employing denoising. The subpar performance

bserved in metrics such as 𝑅𝑒𝑐𝑎𝑙𝑙, 𝐴𝑐𝑐𝑢𝑟𝑎𝑐𝑦, and 𝐹 -𝑚𝑒𝑎𝑠𝑢𝑟𝑒 when
enoising is not implemented can be attributed to the detrimental
ffects of environmental noise on audio calls. These distortions signif-
cantly hinder the system’s ability to accurately identify the majority
f target bird calls. In contrast, the system exhibits commendable per-
ormance in identifying non-target calls without denoising, primarily
ue to the stringent classification threshold employed, resulting in a
otably high 𝑃𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛 value. This proficiency in recognizing non-target
alls remains consistent when denoising is applied. However, denoising
lays a crucial role in enhancing the precise identification of bird calls,
ltimately leading to an overall superior performance across all metrics.
onsequently, the denoising stage emerges as a pivotal component in
he enhanced efficacy of the audio chain system.

.2. Test scenario 2 — Energy-efficient WMSN

In this test scenario, a preliminary local audio identification stage
s incorporated at the source nodes. Other than this, all other settings
emain unchanged compared to the previous scenario. At the start of
ach time slot allocated for image transmission, it is assumed, that a 2-

econd long audio identification step is performed. In our simulations,

https://xeno-canto.org/
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Fig. 13. Performance evaluation of the audio identification.
Fig. 14. Output sequences along with the BRISQUE scores and the PDR values at the sink node for 𝜚 = 0.5 (Test scenario 2 — Energy-Efficient WMSN).
we directly utilize the output of this step to determine whether an
image should be transmitted or not during a specific time slot. As
previously discussed, we make statistical use of the output from the
audio identification stage. Unlike the scenario 1, where continuous
transmissions occurred in all the time slots, here we selectively transmit
only in a percentage of those slots. This percentage corresponds to
the probability (𝜚) that a waterbird occurs in one period. In our
simulation, we utilize an output sequence that serves as a probabilistic
representation of waterbird occurrences. The sequence consists of ones
and zeroes and has a length equal to 60 which is the total number of
time slots. Wherever there is a one in the sequence, it indicates the
presence of a waterbird, and an image transmission occurs during that
specific time slot. We generate this sequence using a specific value
of 𝜚. In Fig. 14, the results of the test scenario 2 for 𝜚 = 0.5
are presented. The utilized output sequences for the three sources are
shown in Fig. 14(a), while the BRISQUE scores and the PDR values
for the received images from the three sources at the sink node are
displayed in Fig. 14(b), Fig. 14(c), and Fig. 14(d). It is to be noted that
in this case, the image transmissions occur only in 50% of the total
time slots. Furthermore, there is a strong likelihood that concurrent
transmissions in the same slot by the three source nodes do not occur,
leading to improved network conditions. The reduction in simultaneous
transmissions reduces the risk of congestion and enhances the data
transmission efficiency of the WMSN.
158
Fig. 15. 𝐸𝑇 𝑜𝑡𝑎𝑙 vs 𝜚 for the test scenario 1 and 2.

In this scenario, we also take into consideration the energy con-
sumption to facilitate a meaningful comparison with test scenario 1.
Due to the addition of the local audio identification step, the energy
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Fig. 16. The BRISQUE scores and the PDR values at the sink node for reception from the source node 1 at 𝜚 = 0.5 - (Test scenario 3 — Energy-Efficient DT-based WMSN).
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consumption at an individual source node now becomes :

𝐸𝑠𝑜𝑢𝑟𝑐𝑒 = 𝑁𝑖𝑚𝑎𝑔𝑒(𝐸𝑐𝑎𝑝𝑡𝑢𝑟𝑒 + 𝐸𝑒𝑛𝑐𝑜𝑑𝑒 + 𝐸𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑡) +𝑁𝑎𝑢𝑑𝑖𝑜𝐸𝑎𝑢𝑑𝑖𝑜 (3)

here 𝑁𝑎𝑢𝑑𝑖𝑜 is the number of time slots where the audio identification
s employed while 𝐸𝑎𝑢𝑑𝑖𝑜 is the energy consumption of a single 2-
econd long audio identification step. The rest of the variables are
he same as in Eq. (2). Given that the audio identification is utilized
n all the 60 slots, 𝑁𝑎𝑢𝑑𝑖𝑜 = 60. Moreover, with a single 2-second
ong audio identification step, the energy consumption is calculated to
e 0.00225 Joule [64] which makes 𝐸𝑎𝑢𝑑𝑖𝑜 = 0.00225 Joule. Fig. 15
resents a comparison of the test scenarios 1 and 2 with respect to
he total combined energy consumption for all the three source nodes
t different 𝜚 values. The graph clearly illustrates that the inclusion
f the local audio identification stage results in a significant improve-
ent in the total energy consumption. Particularly, at lower values

f 𝜚 that represent more realistic cases, the test scenario 2 consumes
ignificantly less energy as compared to the scenario 1. The scenario 1,
rrespective of the 𝜚 value, consumes constant energy of 4.166 Joule
hroughout. However, only when 𝜚 exceeds 0.95 (rare in real wetland
nvironments), test scenario 1 become more energy-efficient, but only
arginally so.

.3. Test scenario 3 — Energy-efficient DT-based WMSN

This test scenario builds upon the previous one by adding DT
nto the operation of the energy-efficient WMSN. We demonstrate the
ffectiveness of utilizing DT in the specific use-case involving dynamic
ontrol of the QC values at the source nodes, as already explained in
ection 4.4. We conduct our experiments using the same settings as
n the previous scenarios. The sole variation lies in setting different
nitial QC values at the source nodes to achieve distinct conditions,
howcasing how the DT dynamically help the system to attain optimal
erformance across diverse circumstances. Fig. 16 presents the results
rom the test scenario 3 with 𝜚 = 0.5. It should be noted that while the
T-based dynamic control is simultaneously applied to all the three

ource nodes, for the sake of discussion, we primarily focus on the
ource node 1. Figs. 16(a) and 16(b) demonstrate the cases where
etwork conditions are perfect, with no packet losses. However, the
nitial QC value is not set near the ideal value, resulting in either low-
uality received images at the sink node or unnecessary energy wastage
t the source node. From Fig. 16(a), it can be observed that the initial
C value is set at 2, which is too low, resulting in excessively high
RISQUE scores for the received images at the sink. Through the DT-
ased dynamic control utilizing fuzzy logic, continuous analysis takes
lace, leading to regular feedback being sent to the source node to
hange the current QC value. As a result, within a few transmissions,
he QC value is adjusted, and the received images begin to demonstrate
uality closer to the ideal BRISQUE score. Similarly, in Fig. 16(b),
he initial QC value is set at 25, which is too high. Consequently, the
eceived images are of overly high quality, leading to energy wastage
t the source node. However, through the DT-based dynamic control
159
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echanism, the QC value is adjusted to bring the quality of received im-
ges closer to the ideal BRISQUE score, sufficient for the application’s
equirements. Lastly, in Fig. 16(c), network congestion can be seen
hich is created by setting excessively high QC values at all the three

ource nodes. This congestion leads to a drop in the PDR values for the
irst few received images at the sink node. As evident, the lowered PDR
alues correspond to an increase in the BRISQUE scores since the visual
uality of the received images deteriorates due to the packet losses.
ut here again the DT-based dynamic control and optimization come

nto play, efficiently adapting the QC values at the source nodes. This
daptive control process rectifies the situation, improving the network
ondition and bringing the BRISQUE scores closer to the ideal value.

.4. Impact of increasing the number of sources

In this subsection, we investigate the impact of increasing the
umber of sources simultaneously transmitting images on the three
cenarios. Fig. 17 illustrates the consequences of escalating the number
f sources, ranging from a single-node source to six sources, on both
oS and QoE metrics. Our findings reveal that increased source density
an negatively impact network performance in terms of both QoS and
oE metrics across all three scenarios.

Fig. 17(a) depicts the relationship between the average PDR scores
nd the number of sources. As expected, the PDR decreases with the
ncrease in source density, primarily due to network congestion caused
y heavy traffic. Notably, Scenario 1 exhibits significantly lower PDR
verages compared to Scenarios 2 and 3, primarily attributed to the
bsence of adaptive image selection. This results in the transmission
f unnecessary images, further exacerbating network congestion. We
bserve that Scenario 3 consistently outperforms Scenario 2 in terms
f PDR due to its adopted dynamic network traffic control.

Based on our qualitative assessment of image quality, we established
minimum acceptable benchmark for PDR at 0.80. This criterion effec-

ively indicates the threshold beyond which image quality degradation
ecomes noticeable. Accordingly, the capacity to support simultaneous
ransmissions from multiple sources varies across the three scenarios.
cenario 1 can accommodate a maximum of three sources transmitting
oncurrently while still maintaining an acceptable PDR. Scenario 2
xtends this capacity to four sources, while Scenario 3 allows for the
nclusion of up to five sources, all while meeting the minimum allowed
DR.

Fig. 17(b) presents the average scores of the BRISUQE metric in rela-
ion to the number of sources. Scenario 1 exhibits the most pronounced
ncrease in BRISUQE values as the number of sources increases, indi-
ating a more significant degradation in image quality compared to
cenarios 2 and 3. This trend highlights the limitations of Scenario 1
n handling increasing traffic demands while maintaining acceptable
mage quality. For the scalability study, the threshold for acceptable
RISUQE scores is set to 50. In Scenario 1, a maximum of four sources
an be accommodated while maintaining acceptable image quality.

imilarly, Scenario 2 can support up to four sources, and Scenario 3
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Fig. 17. Multi-Source Impact on QoE and QoS.
allows for the inclusion of up to six sources, all while ensuring the
preservation of acceptable image quality.

While the proposed system demonstrates superior performance in
maintaining image quality, our analysis reveals that increasing the
number of sources transmitting images simultaneously can have detri-
mental effects on network performance, leading to decreased PDR,
increased image quality degradation, and potential synchronization
issues with the Digital Twin. To address this scalability challenge, we
160
anticipate leveraging the DT’s global perspective to enable intelligent
scheduling of the sources. Transmissions can be scheduled proactively
to prevent a complete network blackout and maintain the overall
integrity of the monitoring system.

Last but not least, we intend to move from the simulated space
to physical implementation in a real wetland. This would warrant
appropriate modifications, particularly in terms of implementing the
DT feedback path through the network.
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7. Conclusion

This work envisions a DT-based energy-efficient WMSN for wa-
terbirds monitoring that leverages two synergistic enhancements to a
conventional WMSN setup. Firstly, a real-time local low-complexity
audio identification phase is integrated to decide when to activate the
camera for image capture, thus conserving energy at the source nodes.
Additionally, a DT is introduced to function as a software replica of
the system We demonstrate its effectiveness in a real-world wetland
setting through experiments encompassing three scenarios. A basic
WMSN forms the baseline, followed by an energy-efficient WMSN and
an energy-efficient DT-based WMSN. Our experiments employing a
dynamic control use-case involving real-time adaptation of image com-
pression rate at the source nodes demonstrate the proposed system’s
superior energy efficiency compared to conventional WMSNs and its
dynamic adaptability to maintain required performance, attributed to
the DT integration.

The employment of fuzzy logic in our setup serves as a proof-of-
concept for showcasing DT’s utility in system analysis and decision-
making with dynamic feedback control. Alternative approaches, such
as AI-based optimization algorithms, warrant exploration for enhanced
decision-making strategies. We plan to explore a few different algo-
rithms for the DT-based decision making process, aiming to identify
the most effective among them. For instance, a holistic decision-making
approach encompassing all data flows could be investigated.

The ‘‘what-if scenarios’’ feature of the implemented DTs has been
effectively leveraged to rapidly obtain initial yet effective parameter
settings for the decision-making algorithm. As a future work, we ex-
pect to dynamically adjust the different parameters involved (waiting
period, fuzzy membership functions and rules, . . . ) to closely mirror the
network dynamics.

While the proposed system demonstrates superior performance in
maintaining image quality, our analysis reveals that increasing the
number of sources transmitting images simultaneously can have detri-
mental effects on network performance, leading to decreased PDR,
increased image quality degradation, and potential synchronization
issues with the Digital Twin. To address this scalability challenge, we
anticipate leveraging the DT’s global perspective to enable intelligent
scheduling of the sources. Transmissions can be optimally scheduled to
prevent a complete network blackout and maintain the overall integrity
of the monitoring system.

Last but not least, we intend to move from the simulated space
to physical implementation in a real wetland. This would warrant
appropriate modifications particularly in terms of implementing the DT
feedback path through the network.
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