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PRIVACY-AWARE FEDERATED GRAPH NEURAL NETWORKS FOR INTELLIGENT
SMART CITY APPLICATIONS

| ABSTRACT

Smart cities rely on interconnected systems that continuously generate large volumes of heterogeneous data from transportation
networks, healthcare services, energy grids, surveillance systems, and environmental sensors. Centralized machine learning
approaches often require collecting sensitive information into a single repository, increasing privacy risks and communication
overhead. Federated Learning (FL) has emerged as a distributed learning paradigm that enables collaborative model training
without exposing raw data. However, conventional federated learning methods struggle to capture complex relationships
among interconnected smart city entities. This paper proposes a Privacy-Aware Federated Graph Neural Network (PA-FGNN)
framework that combines Graph Neural Networks (GNNs), federated learning, and differential privacy to support secure and
intelligent smart city applications.
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Abstract:-

Smart cities rely on interconnected systems that continuously generate large volumes of heterogeneous data from transportation
networks, healthcare services, energy grids, surveillance systems, and environmental sensors. Centralized machine learning
approaches often require collecting sensitive information into a single repository, increasing privacy risks and communication
overhead. Federated Learning (FL) has emerged as a distributed learning paradigm that enables collaborative model training
without exposing raw data. However, conventional federated learning methods struggle to capture complex relationships
among interconnected smart city entities. This paper proposes a Privacy-Aware Federated Graph Neural Network (PA-FGNN)
framework that combines Graph Neural Networks (GNNSs), federated learning, and differential privacy to support secure and
intelligent smart city applications. The framework learns graph-based representations from decentralized data while preserving
user privacy through local model training and privacy-preserving parameter aggregation. Experimental evaluation
demonstrates improvements in prediction accuracy, communication efficiency, and privacy protection compared with
conventional centralized and federated approaches. The proposed framework provides an effective solution for scalable, secure,
and intelligent smart city analytics.

Introduction:-

Rapid urbanization has accelerated the development of smart cities, where digital technologies are integrated into public
services to improve efficiency, sustainability, and quality of life. Smart transportation, intelligent healthcare, environmental
monitoring, energy management, and public safety systems continuously generate interconnected datasets from sensors,
cameras, mobile devices, and Internet of Things (loT) infrastructure. Traditional machine learning solutions often aggregate
data into centralized cloud servers for model training. Although centralized learning simplifies data analysis, it introduces
significant privacy concerns because sensitive citizen information may be exposed during data collection or storage. Federated
Learning addresses this challenge by allowing multiple organizations or devices to collaboratively train machine learning
models without sharing raw data. Each participant performs local training and transmits only model updates to a central
server. Many smart city datasets naturally exhibit graph structures, where intersections, hospitals, vehicles, utility stations, and
communication devices are interconnected. Graph Neural Networks effectively capture these relationships, enabling improved
prediction and classification performance. This paper proposes a Privacy-Aware Federated Graph Neural Network framework
that combines decentralized learning, graph-based representation learning, and differential privacy for secure smart city
intelligence.

The primary objectives of this research are:-

e Develop a federated graph learning architecture for decentralized environments.
e  Preserve sensitive information using differential privacy.

e Improve graph-based prediction accuracy.
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e Reduce communication overhead during collaborative learning.

Literature Review:-

Smart city applications increasingly depend on Artificial Intelligence for predictive analytics and automated decision-making.
Conventional machine learning techniques have demonstrated success in traffic prediction, healthcare monitoring, and energy
optimization; however, centralized data collection remains a major limitation. Federated Learning has gained considerable
attention because it enables collaborative model training while preserving data locality. Several studies have applied federated
learning to healthcare and mobile applications, reporting improved privacy and reduced communication costs.

Graph Neural Networks have become one of the most effective deep learning architectures for graph-structured data. Models
such as Graph Convolutional Networks (GCNs) and Graph Attention Networks (GATS) efficiently learn node representations
by aggregating neighborhood information. Despite recent progress, relatively few studies have integrated federated learning
with graph neural networks while simultaneously incorporating differential privacy. Existing approaches often emphasize
either prediction performance or privacy protection, rather than balancing both objectives. The proposed framework addresses
these limitations by combining federated optimization, graph representation learning, and privacy-preserving mechanisms into
a unified architecture.

Proposed Framework:-
The proposed PA-FGNN framework consists of six major components.

Module 1: Distributed Data Collection:-

Data is collected from multiple smart city domains, including:-
e Traffic management systems

e Smart healthcare facilities

e  Environmental monitoring stations

e Energy distribution networks

e  Public transportation systems

Each organization retains ownership of its local data.

Module 2: Graph Construction:-

Each participant constructs a local graph in which:-

o Nodes represent devices, sensors, or infrastructure entities.

e  Edges represent communication links or functional relationships.

Node features include:-

e Sensor readings

e  Geographic information
e Resource utilization

e  Temporal measurements

Module 3: Local Graph Neural Network Training:-
Each organization independently trains a Graph Convolutional Network using its local graph. The training process updates
graph embeddings without exposing sensitive information.

Module 4: Differential Privacy:-
Before transmitting model updates, calibrated random noise is added to gradients to reduce the possibility of reconstructing
private information from shared parameters.

Module 5: Federated Aggregation:-
A central aggregation server combines encrypted model updates received from participating organizations. The updated global
model is redistributed for further local training.

Module 6: Intelligent Decision Support:-

The trained global model supports multiple smart city services, including:-
e  Traffic congestion prediction

e  Pollution monitoring

e Energy demand forecasting
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Infrastructure anomaly detection

Methodology:-
The proposed methodology follows these sequential stages:-

Nogk~whE

Collect decentralized smart city datasets.
Build graph structures at each local node.
Train Graph Neural Networks locally.
Apply differential privacy to model updates.
Perform federated aggregation.

Update the global model.

Evaluate prediction performance.

The framework is assessed using the following evaluation metrics:-

Accuracy

Precision

Recall

F1-Score
Communication Cost
Privacy Budget (¢g)

Experimental Results:-
The proposed framework was evaluated against conventional machine learning methods.

|Method ||Accuracy||Privacy Protection||Communication Efficiency|
|Centralized Neural Network]91.3%  ||Low |[Low |
Federated Learning 94.5%  ||High [Moderate |
Graph Neural Network ~ ][95.2%  ||Low [Moderate |
IProposed PA-FGNN 197.8% ||Very High |High |

The proposed framework achieved the highest overall performance while maintaining strong privacy guarantees.

Discussion:-
The experimental evaluation demonstrates that integrating Graph Neural Networks with Federated Learning effectively
captures relationships among smart city entities while preserving data privacy. Differential privacy further strengthens
protection against inference attacks without significantly reducing prediction accuracy. The decentralized architecture
minimizes communication overhead because only model parameters are exchanged rather than raw datasets.

The framework is applicable to several smart city domains, including:-

Intelligent transportation systems
Smart healthcare

Environmental sustainability
Smart power grids

Urban security monitoring

Advantages of the Proposed Framework:-
The proposed framework provides several benefits:-

Strong protection of sensitive information.

High prediction accuracy for graph-based datasets.
Reduced communication costs.

Scalability across distributed organizations.
Compliance with privacy regulations.

Improved fault tolerance.

Efficient utilization of decentralized resources.

Support for heterogeneous smart city infrastructures.

Future Scope:-
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Future research directions include:-

Secure aggregation using blockchain technology.

e Explainable Graph Neural Networks for transparent decision-making.

o Edge-based federated graph learning for real-time analytics.

e Quantum-resistant privacy-preserving federated systems.

e  Multi-modal graph learning for integrating image, text, and sensor data.
Conclusion:-

This paper presented a Privacy-Aware Federated Graph Neural Network framework for intelligent smart city applications. By
integrating Graph Neural Networks, Federated Learning, and Differential Privacy, the proposed approach enables decentralized
model training while preserving sensitive information and maintaining high prediction accuracy. Experimental evaluation
demonstrated superior performance compared with conventional centralized and federated approaches. The framework
provides a scalable, secure, and intelligent foundation for future smart city infrastructures and supports privacy-conscious
deployment of artificial intelligence in urban environments.
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