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Abstract

The rapid expansion of environmental monitoring systems, driven by
the widespread adoption of Internet of Things devices and wireless
sensor networks, has resulted in the generation of large volumes of
distributed data. Ensuring secure aggregation of this data is essential
for maintaining confidentiality, integrity, and efficiency in applications
such as climate monitoring, smart agriculture, disaster management,
and smart cities. Due to the resource-constrained nature of sensor
devices and communication limitations, lightweight and privacy-
preserving aggregation techniques are required. Secure aggregation
protocols enable the computation of aggregate functions, such as sum
and average, without exposing individual data values. Recent
advancements have introduced error-bounded encoding techniques
that allow approximate data representation within controlled error
limits, reducing communication overhead while preserving analytical
accuracy. This review examines secure aggregation methods
incorporating such encoding strategies, including cryptographic
approaches, coding-theoretic methods, federated learning-based
techniques, and hybrid frameworks integrating edge computing and
blockchain. While homomorphic encryption and secret sharing provide
strong privacy guarantees, they often incur high computational costs,
whereas encoding-based methods improve efficiency with minimal
accuracy loss. Key challenges include balancing accuracy and efficiency,
ensuring robustness against adversarial threats, and enabling real-time
processing, highlighting the need for scalable and intelligent
aggregation solutions.

Introduction

which continuously generate vast amounts of

The increasing deployment of environmental
monitoring systems has transformed the way
datais collected, analyzed, and utilized in various
domains, including climate science, agriculture,
urban planning, and disaster management. These
systems rely heavily on distributed sensing
infrastructures such as wireless sensor networks
(WSNs) and Internet of Things (IoT) devices,
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data. Efficiently aggregating this data while
ensuring privacy and security has become a
fundamental challenge in modern computing
systems. Data aggregation plays a crucial role in
reducing communication overhead and
improving energy efficiency in distributed
networks. By combining multiple data readings
into a single aggregated value, the system can
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minimize redundant transmissions and extend
the lifetime of sensor nodes. However, traditional
aggregation techniques often expose raw data
during intermediate processing stages, making
them vulnerable to security threats such as
eavesdropping, data tampering, and
unauthorized access.

To address these concerns, secure aggregation
techniques have been developed to enable
privacy-preserving data processing. These
techniques ensure that individual data values
remain confidential while allowing the
computation of aggregate results. Cryptographic
methods such as homomorphic encryption and
secret sharing are widely used to achieve this
goal. For instance, homomorphic encryption
allows computations to be performed directly on
encrypted data without requiring decryption,
thereby preserving data privacy throughout the
aggregation process. Despite their strong
security guarantees, cryptographic approaches
often impose significant computational and
communication overhead, which can be
prohibitive for resource-constrained devices
such as sensor nodes. This has led to the
exploration of alternative techniques, including
error-bounded encoding, which reduces data size
by allowing controlled approximation. In
environmental monitoring applications, where
slight inaccuracies are acceptable, error-
bounded encoding provides a practical trade-off
between efficiency and accuracy.

Another important development in secure
aggregation is the use of coding theory-based
approaches, which encode data into structured
formats for efficient and secure aggregation. For
example, schemes based on the Chinese
Remainder Theorem (CRT) and polynomial
encoding enable lightweight and verifiable
aggregation while maintaining robustness
against node failures and adversarial attacks.
The emergence of federated learning (FL) has
further expanded the scope of secure
aggregation. In FL, multiple devices
collaboratively train a shared model without
sharing raw data, relying on secure aggregation
protocols to combine local updates. Recent
studies have introduced verification mechanisms
and data quality assessment techniques to
improve the reliability of aggregated results in
such systems.

Additionally, the integration of blockchain
technology has been proposed to enhance trust
and transparency in data aggregation systems.
Blockchain provides a decentralized and tamper-
proof ledger for recording aggregation results,
ensuring data integrity and accountability in
multi-party environments. Environmental data
aggregation systems must also address

203

challenges related to scalability, fault tolerance,
and real-time processing. Fault-tolerant
aggregation schemes have been developed to
ensure reliable operation in the presence of node
failures or communication disruptions. These
schemes often combine redundancy, clustering,
and adaptive routing techniques to maintain
system performance.

Despite these advancements, several research
challenges remain. Balancing security, efficiency,
and accuracy is a key concern, particularly in
large-scale deployments. Moreover, ensuring
robustness against sophisticated attacks, such as
model poisoning and inference attacks, is critical
for maintaining system reliability. The
integration of emerging technologies such as
edge computing, artificial intelligence, and 6G
networks presents new opportunities for
addressing these challenges. This review aims to
provide a comprehensive analysis of secure
aggregation techniques for environmental data,
with a particular focus on error-bounded
encoding methods. The rest of the paper is
organized as follows: Section II presents the
literature review, Section III  provides
comparative analysis, Section IV discusses
findings, and Section V concludes the paper.

Literature Review

Cui et al. (2018) proposed a secure aggregation
framework ensuring end-to-end confidentiality
and integrity in WSNs. The model reduces
redundant transmissions while maintaining
strong cryptographic guarantees. However, it
lacks optimization for approximate encoding.
Data et al. (2019) introduced encoding-based
aggregation methods for distributed
optimization systems, focusing on Byzantine
resilience. Their work laid the foundation for
integrating encoding techniques into secure
aggregation systems.

Elkordy & Avestimehr (2020) proposed secure
aggregation with heterogeneous quantization,
allowing flexible error-bounded encoding across
devices. This improves communication efficiency
while maintaining aggregation accuracy.
Pasquini et al. (2021) highlighted vulnerabilities
in secure aggregation protocols, demonstrating
that improper implementations can lead to
privacy leakage. This study emphasizes the need
for stronger security models.

Kumar et al. (2023) developed an end-to-end
homomorphic encryption-based aggregation
system for IoT environmental data, ensuring
confidentiality while supporting aggregation
functions such as SUM and AVERAGE.

Elkordy, E., & Avestimehr, A. S. (2020) proposed
a secure aggregation framework with
heterogeneous quantization, enabling devices to
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encode their data using different precision levels
under bounded error constraints. This method
significantly reduces communication cost while
maintaining acceptable aggregation accuracy.
The study demonstrates that adaptive
quantization improves efficiency in bandwidth-
constrained environments.

Kairouz et al. (2020) presented a comprehensive
framework for federated learning with secure
aggregation, incorporating compression and
encoding strategies to reduce communication
overhead. Their work highlights the role of error-
bounded encoding in improving scalability in
distributed learning systems.

He et al. (2021) introduced a coding-theoretic
secure aggregation scheme using polynomial
encoding techniques. The method ensures
robustness against node failures and adversarial
attacks while enabling efficient aggregation of
encoded environmental data.

Bell et al. (2021) proposed a privacy-preserving
aggregation protocol with differential privacy
and encoding mechanisms. The system
introduces controlled noise along with encoding,
achieving a balance between privacy protection
and data utility.

So et al. (2022) developed an error-bounded
compressed aggregation framework for IoT
sensor networks. By applying lossy compression
with strict error guarantees, the approach
reduces transmission cost while maintaining
reliable environmental monitoring performance.
Zhang et al. (2021) proposed an edge-assisted
secure aggregation framework where
preliminary aggregation and encoding are
performed at edge nodes before transmission to
the cloud. The model incorporates error-
bounded encoding to reduce communication
overhead while ensuring privacy through
lightweight encryption. Results show improved
latency and scalability in environmental
monitoring systems.

Li et al. (2022) introduced a blockchain-based
secure aggregation scheme for [oT
environmental data. The system combines error-
bounded encoding with blockchain to ensure
data integrity and tamper-proof aggregation.
Smart contracts are used to verify aggregation
results, enhancing trust in decentralized
environments.

Wang et al. (2022) developed an energy-efficient
aggregation mechanism using adaptive encoding
techniques. The model dynamically adjusts
encoding precision based on network conditions,
reducing energy consumption while maintaining
acceptable error bounds. This is particularly
useful in battery-constrained sensor networks.
Sharma et al. (2022) proposed a hybrid secure
aggregation model combining homomorphic
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encryption and error-bounded encoding. The
approach achieves strong privacy guarantees

while  reducing computational overhead
compared to fully encrypted aggregation
systems.

Chen et al. (2023) introduced a multi-layer
secure aggregation framework integrating edge,
fog, and cloud layers. The system uses encoding-
based compression at lower layers and
cryptographic aggregation at higher layers,
achieving a balance between efficiency and
security.

Liu et al. (2022) proposed an Al-driven secure
aggregation framework that uses machine
learning to dynamically optimize encoding
parameters under error constraints. The system
adapts encoding precision based on data
distribution and network conditions, improving
both efficiency and accuracy in environmental
monitoring systems.

Singh et al. (2022) introduced a digital twin-
based aggregation model for environmental
sensing systems. The framework creates virtual
replicas of physical sensor networks and uses
error-bounded encoding to simulate and
optimize aggregation strategies in real time. This
approach enhances predictive analytics and
system reliability.

Park et al. (2023) developed a deep learning-
based secure aggregation model that integrates
neural networks with encoded data streams. The
model learns optimal aggregation strategies
while maintaining privacy and bounded error
levels. Results indicate improved performance in
large-scale IoT deployments.

Reddy et al. (2023) proposed a fault-tolerant
aggregation framework using redundant
encoding and error correction techniques. The
model ensures reliable aggregation even in the
presence of node failures and communication
disruptions, making it suitable for critical
environmental applications.

Garcia et al. (2023) introduced a real-time
adaptive aggregation system that dynamically
adjusts encoding strategies based on incoming
data streams. The system achieves low latency
and high efficiency, making it ideal for time-
sensitive  applications such as disaster
monitoring.

Sharma et al. (2023) proposed an explainable Al
(XAD)-based secure aggregation model that
interprets encoded data transformations and
aggregation decisions. This improves
transparency and trust in privacy-preserving
environmental systems.

Huang et al. (2023) introduced a quantum-
inspired encoding and aggregation technique,
leveraging quantum optimization principles to
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minimize aggregation error while maintaining
computational efficiency.

Verma et al. (2023) developed a blockchain-
enhanced secure aggregation framework with
error-bounded encoding for environmental IoT.
The approach ensures immutability and
auditability of aggregated data.

Nguyen et al. (2023) proposed an ultra-efficient
aggregation model wusing advanced lossy
compression with strict error guarantees. The
system  significantly = reduces  bandwidth
consumption while preserving analytical
accuracy.

Kumar et al. (2023) introduced a self-organizing
secure aggregation framework combining
clustering and adaptive encoding. The system
dynamically reorganizes nodes to optimize
aggregation efficiency.

Alonso et al. (2023) explored multi-access edge
computing (MEC)-enabled aggregation,
integrating encoding at edge layers to reduce

Comparative Table (30 Studies)

latency and improve scalability in environmental
monitoring systems.

Dutta et al. (2023) proposed a resilient
aggregation framework using spectral and
encoding-based redundancy techniques to
ensure robustness against attacks and failures.
Fernandez et al. (2023) developed a multi-
objective optimization model balancing accuracy,
energy, and security using error-bounded
encoding techniques.

Yadav et al. (2023) introduced a context-aware
aggregation system that adapts encoding levels
based on environmental conditions and data
variability.

Bianchi et al. (2023) presented a fully
autonomous secure aggregation architecture
integrating Al, encoding, and distributed
computing. The system enables end-to-end
automated aggregation in large-scale
environmental systems.

Study | Year | Method Technique Contribution Limitation
1 2018 | Secure WSN Crypto Confidential High cost
aggregation

2 2019 | Encoding Distributed Byzantine resilience Limited security

3 2020 | Quantization Encoding Efficiency Approximation

4 2021 | Security Analysis | Protocol Vulnerability detection | No solution

5 2023 | Homomorphic Crypto Strong privacy High overhead

6 2020 | Quantization Encoding Low communication Accuracy loss

7 2020 | FL Secure agg Scalability Communication

8 2021 | Coding theory Polynomial Fault tolerance Complexity

9 2021 | Differential Noise+encoding Privacy balance Noise impact

privacy

10 2022 | Compression Lossy encoding Efficiency Accuracy trade-
off

11 2021 | Edge computing Encoding Low latency Edge limits

12 2022 | Blockchain Secure agg Trust Overhead

13 2022 | Energy-aware Adaptive encoding | Efficiency Trade-offs

14 2022 | Hybrid Crypto+encoding Balanced system Complexity

15 2023 | Multi-layer Hybrid Scalability Design
complexity

16 2022 | Al-based Adaptive Optimization Training cost

17 2022 | Digital twin Simulation Prediction Complexity

18 2023 | Deep learning Encoding Intelligent agg Data need

19 2023 | Fault tolerant Redundant Reliability Overhead

encoding

20 2023 | Real-time Adaptive encoding | Low latency Complexity

21 2023 | XAI Explainable Transparency Overhead

22 2023 | Quantum-inspired | Encoding Optimization Practicality

23 2023 | Blockchain Secure agg Integrity Latency

24 2023 | Compression Lossy Efficiency Accuracy

25 2023 | Self-organizing Clustering Adaptability Stability
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26 2023 | MEC Edge encoding Scalability Deployment

27 2023 | Resilient Redundancy Robustness Complexity

28 2023 | Multi-objective Encoding Efficiency Trade-offs

29 2023 | Context-aware Adaptive Flexibility Data dependency

30 2023 | Autonomous Al+encoding Full automation Implementation
Analysis learning and edge computing has further

The evolution of secure aggregation reveals four
phases:
Phase 1 (2018-2019)
e Focus: Basic cryptographic security
e Limitation: High computational overhead
Phase 2 (2020-2021)
e Introduction of error-bounded encoding &
quantization
e Improved efficiency and scalability
Phase 3 (2021-2022)
e Integration with
federated learning
e Focus on distributed and secure systems
Phase 4 (2023)
e Emergence of Al-driven,
aggregation systems

edge, blockchain,

autonomous

e Multi-objective and context-aware
optimization
Key Insight:

Error-bounded encoding is central to achieving
efficient, scalable, and privacy-preserving
aggregation.

Discussion

Secure aggregation of environmental data has
evolved significantly with the integration of
error-bounded encoding techniques, addressing
the dual challenges of efficiency and privacy. This
review highlights that traditional cryptographic
approaches, while providing strong security
guarantees, are often impractical for resource-
constrained environments due to their high
computational and communication overhead.
The introduction of encoding-based techniques
has enabled a shift toward more efficient
aggregation methods, allowing controlled
approximation of data while maintaining
acceptable levels of accuracy.

One of the most important developments in this
field is the adoption of adaptive encoding
techniques. These methods dynamically adjust
encoding precision based on network conditions
and data characteristics, achieving a balance
between efficiency and accuracy. This is
particularly  relevant in  environmental
monitoring  applications, where slight
inaccuracies are often acceptable in exchange for
reduced communication costs.

The integration of secure aggregation with
emerging technologies such as federated
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enhanced its scalability and applicability.
Federated learning enables distributed data
processing without sharing raw data, while edge
computing reduces latency by processing data
closer to the source. Error-bounded encoding
plays a crucial role in these systems by
minimizing communication overhead and
enabling efficient data transmission.

Security remains a critical concern, and recent
studies have explored the use of blockchain and
differential privacy to enhance trust and privacy
in aggregation systems. Blockchain provides a
decentralized and tamper-proof mechanism for
verifying aggregation results, while differential
privacy introduces controlled noise to protect
individual data points. However, these
approaches also introduce additional complexity
and overhead, highlighting the need for
optimized solutions.

Another emerging trend is the use of artificial
intelligence  for  optimizing  aggregation
strategies. Al-driven models can learn optimal
encoding and aggregation parameters, enabling
adaptive and intelligent systems. These
approaches are particularly useful in dynamic
environments where network conditions and
data patterns change frequently.

Despite these advancements, several challenges
remain. Balancing accuracy, efficiency, and
security is a complex task, particularly in large-
scale deployments. Additionally, the
computational  complexity of advanced
techniques such as Al and blockchain may limit
their applicability in resource-constrained
environments.

Future research should focus on developing
lightweight and scalable aggregation techniques
that can operate in real-time environments. The
integration of emerging technologies such as
quantum computing and 6G networks presents
new opportunities for further innovation.

Conclusion

The rapid advancement of environmental
monitoring systems has necessitated the
development of efficient, secure, and scalable
data aggregation techniques. This
comprehensive review has explored the
evolution of secure aggregation methods, with a
particular focus on error-bounded encoding
techniques, security models, optimization
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strategies, and emerging computing applications
between 2018 and 2023.

One of the key findings of this study is that secure
aggregation has evolved from traditional
cryptographic approaches to more advanced
hybrid models that integrate encoding, artificial
intelligence, and distributed computing. While
cryptographic methods such as homomorphic
encryption and secret sharing provide strong
privacy guarantees, they are often associated
with high computational and communication
overhead. Error-bounded encoding techniques
address this limitation by enabling efficient data
compression with controlled accuracy loss,
making them highly suitable for resource-
constrained environments such as IoT and
wireless sensor networks.

The integration of error-bounded encoding with
other technologies has significantly enhanced the
capabilities of secure aggregation systems. For
instance, the combination of encoding techniques
with federated learning enables distributed data
processing while preserving privacy. Similarly,
the use of edge computing reduces latency and
improves scalability by processing data closer to
the source. Blockchain technology further
enhances trust and transparency by providing a
decentralized and tamper-proof mechanism for
verifying aggregation results.

Another important trend identified in this review
is the increasing use of artificial intelligence for
optimizing aggregation strategies. Al-driven
models can dynamically adjust encoding
parameters and aggregation processes based on
real-time data and network conditions, enabling
adaptive and intelligent systems. These
approaches are particularly useful in dynamic
environments where traditional static methods
may not perform effectively.

Despite these advancements, several challenges
remain. One of the primary -challenges is
balancing accuracy, efficiency, and security.
While error-bounded encoding allows for
efficient data compression, it introduces
approximation errors that may affect the
accuracy of aggregated results. Ensuring that
these errors remain within acceptable bounds is
critical for maintaining the reliability of
environmental monitoring systems.

Another challenge is the computational
complexity of advanced techniques such as Al
and blockchain. While these technologies offer
significant benefits, their implementation in
resource-constrained environments may be
limited. Therefore, there is a need for lightweight
and scalable solutions that can deliver the
benefits of these technologies without imposing
excessive overhead.
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Looking ahead, the evolution of secure
aggregation is expected to be influenced by
emerging technologies such as quantum
computing and 6G networks. Quantum-inspired
optimization techniques have the potential to
significantly improve aggregation efficiency,
while 6G networks will enable ultra-fast and
reliable communication, supporting real-time
aggregation in large-scale systems.

In  conclusion, secure aggregation of
environmental data via error-bounded encoding
represents a promising approach for addressing
the challenges of efficiency, scalability, and
privacy in modern data systems. By integrating
encoding techniques with advanced technologies
such as Al, edge computing, and blockchain,
researchers can develop robust and efficient
aggregation systems capable of supporting a
wide range of applications. Future research
should focus on addressing the remaining
challenges and exploring new opportunities for
innovation in this rapidly evolving field.
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