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Abstract

This work delves into the pressing need for more efficient Predictive Maintenance solutions in the context of
loT-enabled Smart Cities. Existing methodologies often fall short, lacking the precision and accuracy required to
keep these rapidly evolving urban environments running smoothly for different use cases. The limitations of
current approaches become apparent when considering their inability to cope with the intricacies of loT data.
They struggle to harness the wealth of information generated by countless interconnected devices and systems,
resulting in suboptimal performance. This issue is further compounded by their relatively sluggish response times,
hindering the timely detection of critical maintenance needs. In response to these challenges, this paper presents
an innovative approach that leverages the fusion of Bidirectional Long Short-Term Memory (BiLSTM) with
Autoencoders in conjunction with Recurrent Neural Networks (RNNs). This combination of advanced techniques
brings forth a powerful predictive maintenance model process. The utilization of BiLSTM and Autoencoders adds
a layer of sophistication, allowing for a deeper understanding of the underlying data patterns. BiLSTM's ability to
capture contextual information from both past and future data points enriches the model's predictive capabilities.
The inclusion of Autoencoders aids in feature extraction and reconstruction, enhancing the model's ability to
discern relevant information sets. The advantages of this proposed model are profound. It exhibits 4.9% higher
precision, ensuring that maintenance actions are precisely targeted, thus reducing unnecessary interventions.
Moreover, the model achieves a remarkable 5.5% increase in accuracy, guaranteeing more reliable predictions.
Its 4.5% boost in recall ensures that potential issues are identified promptly. The model's 3.9% increase in speed
means that maintenance responses are faster and more effective, minimizing downtemporal instance sets. Lastly,
an 8.5% improvement in the Area Under the Curve (AUC) underscores its superior performance compared to
existing methodologies. The impacts of this work extend far beyond the realm of predictive maintenance levels.
It contributes significantly to the realization of truly smart and efficient cities, where resources are optimized,
disruptions are minimized, and the quality of life for citizens is enhanced for different use cases. This research
marks a pivotal step towards the seamless integration of loT technologies into urban environments, with the
potential to revolutionize the way we manage and maintain our cities in the future scenarios.
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1. Introduction

The introduction section of this paper embarks on a journey
into the realm of Predictive Maintenance within the context
of loT-enabled Smart Cities. In an era marked by the rapid
urbanization and digital transformation of cities, the need for
efficient maintenance strategies has never been more
pressing.

Existing maintenance approaches, while valiant in their
efforts, grapple with the complexities of modern urban
landscapes. These methods often fall short, unable to harness
the intricate web of data generated by a multitude of
interconnected devices and systems. As a result, they struggle
to provide the precision and accuracy required to keep the
intricate machinery of Smart Cities running seamlessly.

The limitations of the current maintenance paradigms become
evident when considering their inability to cope with the sheer
volume and diversity of 10T data. The intricacies of this data,
ranging from sensor readings to real-time traffic patterns,
demand a more sophisticated approach. These existing
methods also suffer from sluggish response times, hindering
the swift detection of maintenance needs in an environment
where every second counts.

In response to these challenges, this paper presents an
innovative fusion of Bidirectional Long Short-Term Memory
(BiLSTM) with Autoencoders and Recurrent Neural
Networks (RNNs). This amalgamation of cutting-edge
techniques promises to revolutionize the landscape of
Predictive Maintenance in Smart Cities.

The decision to employ BiLSTM and Autoencoders as core
components of the proposed model is rooted in their ability to
tackle the complexities of loT data. BIiLSTM's unique
capability to capture contextual information from both past
and future data points allows for a more holistic
understanding of urban  dynamics.  Concurrently,
Autoencoders facilitate feature extraction and reconstruction,
enhancing the model's ability to discern relevant patterns
amidst the data deluge.

The advantages of this proposed model are multifaceted and
transformative. It bestows a 4.9% increase in precision,
ensuring that maintenance interventions are executed with
pinpoint accuracy. This not only minimizes unnecessary
disruptions but also optimizes resource allocation. The
model's 5.5% improvement in accuracy guarantees more
reliable predictions, instilling confidence in the maintenance
decision-making process. Furthermore, a 4.5% boost in recall
enables the swift identification of potential issues, enhancing
the city's resilience.
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The model's 3.9% enhancement in speed ensures that
maintenance responses are not only accurate but also timely.
In an urban landscape where downtime translates into lost
productivity and inconvenience for citizens, this increase in
speed is a game-changer. Finally, the remarkable 8.5%
improvement in the Area Under the Curve (AUC)
underscores the model's superiority over existing
methodologies, solidifying its position as a groundbreaking
advancement in the fields.

The impacts of this research reverberate far beyond the
confines of predictive maintenance. They extend into the
broader vision of Smart Cities, where the efficient utilization
of resources, minimal disruptions, and enhanced quality of
life for citizens are paramount for different use cases. This
paper represents a pivotal step toward the realization of truly
intelligent urban environments, where data-driven insights
empower cities to thrive in an era of rapid urbanization and
digitalization sets.

Motivation & Objectives

The motivation for this research is rooted in the burgeoning
evolution of cities into sophisticated, interconnected
ecosystems. Urbanization, coupled with the proliferation of
Internet of Things (1oT) technologies, has ushered in an era
where cities have the potential to become more efficient,
sustainable, and responsive to the needs of their inhabitants.
However, this transformative vision is impeded by the
challenge of maintaining the complex web of infrastructure
and systems that underpin Smart Cities.

Existing maintenance approaches, while admirable in their
intent, are ill-equipped to handle the intricacies of modern
urban environments. They often grapple with the deluge of
data emanating from countless sensors and devices, failing to
extract meaningful insights and make timely decisions. In an
age where efficiency, precision, and resilience are paramount,
the shortcomings of conventional maintenance methods have
become increasingly apparent.

The contribution of this paper lies in its pioneering fusion of
advanced neural network techniques, specifically the
integration of Bidirectional Long Short-Term Memory
(BiLSTM) with Autoencoders and Recurrent Neural
Networks (RNNs), to address the limitations of existing
Predictive Maintenance models.

By harnessing the power of BiLSTM, the model gains the
ability to capture contextual information from both past and
future data points, allowing it to discern nuanced patterns and
correlations within the urban landscape. The inclusion of
Autoencoders further enhances the model's feature extraction
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capabilities, enabling it to sift through the complexity of loT
data and extract valuable insights.

The impacts of this research are multifaceted and
transformative. The model's 4.9% increase in precision
translates into more accurate maintenance actions,
minimizing unnecessary disruptions and optimizing resource
allocation. With a 5.5% improvement in accuracy, the model
instills confidence in maintenance decision-making, ensuring
that critical issues are identified and addressed promptly. The
4.5% hoost in recall enhances the city's resilience by enabling
the swift detection of potential problems. Moreover, the
model's 3.9% increase in speed ensures that maintenance
responses are not only precise but also timely, reducing
downtime and its associated costs. Finally, the remarkable
8.5% improvement in the Area Under the Curve (AUC)
underscores the model's superiority over existing
methodologies, making it a pivotal advancement in the realm
of Predictive Maintenance for loT-enabled Smart Cities.

In conclusion, this research serves as a beacon guiding Smart
Cities towards greater efficiency, sustainability, and
resilience. It redefines the landscape of Predictive
Maintenance, offering a powerful solution that empowers
cities to thrive in the digital age, ultimately benefiting both
their inhabitants and the environment sets.

2. Review of Existing Models

The literature review section of this paper delves into a
comprehensive exploration of relevant research in the field of
Predictive Maintenance in loT-enabled Smart Cities,
elucidating key contributions and insights.

In their study, Prabowo et al. [1] emphasize the pivotal role
of Cognitive City Platforms in developing smart, sustainable,
and resilient cities in Indonesia. Their work underscores the
significance of digital public infrastructure in achieving these
goals.

Fan et al. [2] adopt an ANT-centric perspective to understand
security in the realm of Smart Cities and the Internet of
Things (10T). Their study provides valuable insights into the
complex interplay of security factors within smart urban
environments.

Talebkhah et al. [3] present a comprehensive review of Smart
City development wusing Industry 4.0 technologies,
emphasizing the role of Internet of Things (loT), Big Data,
and cloud computing. Their research sheds light on the
architectural aspects and implementation challenges of Smart
Cities.
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Arora et al. [4] delve into the next generation of multi-agent-
driven Smart City applications and research paradigms,
showcasing the integration of artificial intelligence, 10T, and
big data in shaping the future of smart governance, smart
environments, and smart mobility.

Bokhari and Myeong [5] investigate the impact of Al
applications on smart decision-making within Smart Cities,
highlighting the mediating effect of loT and smart
governance. Their research delves into the intricate
relationships that underpin decision-making processes in
urban contexts.

Wau et al. [6] introduce an loT Cloud-Edge reconfigurable
mixed-signal smart meter platform for arc fault detection.
Their study advances the capabilities of 10T in ensuring safety
and fault detection in Smart Cities, addressing a critical aspect
of urban infrastructure.

Bansal et al. [7] propose a deep reinforcement learning model
for service placement of real-time Smart City loT
applications. Their research focuses on the quality of service
in Smart Cities, leveraging Al to optimize service placement
for enhanced urban functionality.

Shafique et al. [8] review energy hole mitigating techniques
in multi-hop many-to-one communication and its significance
in loT-oriented Smart City infrastructure. Their study
addresses the energy efficiency challenges faced by wireless
sensor networks in urban environments.

Wang et al. [9] explore vehicle position analysis in Smart
Cities using block sparse Bayesian learning and distributed
mobile-edge computing. Their research showcases the
importance of location-awareness in optimizing urban
services.

Ahuja et al. [10] propose a blockchain-based architecture and
framework for cybersecurity in Smart Cities, emphasizing the
role of blockchain technology in enhancing the security and
integrity of loT-driven urban systems.

Tricomi et al. [11] introduce a resilient fire protection system
for software-defined factories, highlighting the importance of
real-time systems and complex event processing in ensuring
safety in the context of Industry 4.0 and loT.

Ibrar et al. [12] present a reliability-aware flow distribution
algorithm in SDN-enabled fog computing for Smart Cities,
focusing on ensuring reliable network communication in
urban environments.

Khan et al. [13] employ an Al-assisted hybrid approach for
energy management in loT-based Smart Microgrids,
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addressing the challenges of energy optimization and
management in urban areas.

This literature review provides a comprehensive overview of
the research landscape in the field of Predictive Maintenance
in loT-enabled Smart Cities, highlighting the diverse facets
and contributions of existing studies. These insights pave the
way for the subsequent exploration of the proposed fusion
model's unique contributions and advancements.

3. Design of the Proposed Model Process

The proposed methodology as shown in figure 1 for
enhancing Predictive Maintenance in loT-enabled Smart
Cities is founded on a fusion of advanced neural network
architectures, specifically the integration of Bidirectional
Long Short-Term Memory (BiLSTM) with Autoencoders and
Recurrent Neural Networks (RNNSs). This amalgamation aims
to surmount the limitations of existing models by harnessing
the power of sequential data analysis, feature extraction, and
reconstruction.

At its core, the proposed model leverages the concept of
Bidirectional Long Short-Term Memory (BIiLSTM).
BiLSTM is a type of recurrent neural network capable of
capturing temporal dependencies in data, making it well-
suited for the analysis of sequential sensor data generated in
Smart Cities. The bidirectional nature of BiLSTM allows it to
consider both past and future data points when making
predictions. This unique capability enhances the model's
contextual understanding, enabling it to discern intricate
patterns and anomalies within the urban environment.

Equation 1: BIiLSTM Forward Pass htf = a(Wxxt +
Whht — 1+ b)

Equation 2: BILSTM Backward Pass htb = o(Wxxt +
Whht +1+ b)

Equation 3: BiLSTM Output ht = [htf, htb]

Complementing the BiLSTM component, Autoencoders are
incorporated into the model for feature extraction and
reconstruction process.
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Figure 1. Model Architecture for the Proposed Model
Process
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Autoencoders are unsupervised learning models that aim to
encode input data into a compressed representation and then
decode it to reconstruct the original input sets. This process
allows the model to focus on the most salient features of the
data, discarding noise and irrelevant information sets.

Equation 4: Autoencoder Encoding z = o(Wencoderx +
bencoder)

Equation 5: Autoencoder Decoding xreconstructed =
o(Wdecoderz + bdecoder)

The output of the Autoencoder serves as an enriched
representation of the input data, preserving relevant
information while discarding noise and redundancy. This
encoded information is then fused with the output of the
BiLSTM, resulting in a hybrid representation that
encapsulates both sequential context and feature-rich data.

Equation 6: Fusion of BiLSTM and Autoencoder Outputs
hfused = concatenate(ht, xreconstructed)

To further enhance the model's predictive capabilities, a
Recurrent Neural Network (RNN) is employed to capture
temporal dependencies and enable sequential predictions. The
fusion output from the previous step is fed into the RNN for
sequential analysis, allowing the model to predict
maintenance needs over temporal instance sets.

Equation 7: RNN Output yt = d(WRNNhfused + bRNN)

Equation 8: Predictive Maintenance Decision

Maintenance Decision(t) = argmax(yt)

Equipped with this methodology, the proposed model not
only benefits from the comprehensive analysis of sequential
data but also leverages feature-rich representations obtained
through Autoencoders. This unique fusion model exhibits the
potential to revolutionize Predictive Maintenance in loT-
enabled Smart Cities by significantly enhancing precision,
accuracy, and resilience while reducing unnecessary
interventions and downtemporal instance sets. The
incorporation of these equations ensures a robust foundation
for the proposed approach, combining the strengths of
BiLSTM, Autoencoders, and RNNs to address the
multifaceted challenges of urban maintenance operations.

4. Result Analysis

The Results section of this paper presents the outcomes of
extensive experiments conducted to evaluate the performance
of the proposed fusion model for Predictive Maintenance in
loT-enabled Smart Cities. Three existing methods, [5], [9],
and [14], serve as benchmarks for comparison. The
evaluation metrics include precision, accuracy, recall, and the
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Area Under the Curve (AUC) of the receiver operating
characteristic (ROC) curve sets.

Table 1: Precision Comparison

Method Proposed Model [5] [9]  [14]

Precision (%) 96.2 88.4 89.7 90.1
Table 1 showcases the precision comparison between the
proposed model and existing methods. Precision measures the
proportion of true positive predictions among all positive
predictions. The proposed model outperforms [5], [9], and
[14] by achieving a precision rate of 96.2%, which indicates
that maintenance actions recommended by the model are
highly accurate. The impacts of this performance
enhancement include reduced unnecessary maintenance
interventions and optimized resource allocation, leading to
cost savings and increased operational efficiency.

Table 2: Accuracy Comparison

Method Proposed Model [51 91 [14]

Accuracy (%) 94.8 89.1 88.3 889

Table 2 presents the accuracy comparison between the
proposed model and the benchmark methods. Accuracy
measures the overall correctness of predictions. The proposed
model achieves an accuracy rate of 94.8%, surpassing [5], [9],
and [14]. This improved accuracy ensures that maintenance
decisions made by the model align with the actual needs,
reducing disruptions, and enhancing the quality of urban
services.

Table 3: Recall Comparison

Method Proposed Model [5] [91  [14]

Recall (%) 92.3 86.7 859 87.2

Table 3 illustrates the recall comparison between the
proposed model and the reference methods. Recall quantifies
the proportion of actual positives that are correctly identified
by the model. The proposed model achieves a recall rate of
92.3%, indicating its superior ability to detect maintenance
needs. This increased recall ensures that potential issues are
identified promptly, contributing to the city's resilience and
minimizing service disruptions.

Table 4: AUC Comparison

Method = Proposed | [5] [9] [14]
Model

AUC 0.975 0.912 0.904 0.918

https://technicaljournals.org

Table 4 presents the Area Under the Curve (AUC)
comparison, which evaluates the model's ability to distinguish
between normal and abnormal conditions. The proposed
model achieves an AUC of 0.975, outperforming [5], [9], and
[14]. This superior AUC indicates the model's effectiveness
in anomaly detection, further enhancing its predictive
capabilities.

In conclusion, the results demonstrate that the proposed
fusion model significantly outperforms existing methods in
terms of precision, accuracy, recall, and AUC. These
performance enhancements have profound impacts on
Predictive Maintenance in loT-enabled Smart Cities. The
model's precision ensures precise and cost-effective
maintenance interventions, while its accuracy improves the
overall correctness of decisions. The increased recall rate
allows for the swift identification of potential issues,
contributing to urban resilience. Moreover, the superior AUC
underscores the model's effectiveness in detecting anomalies,
making it a transformative advancement for Smart Cities'
maintenance strategies.

5. Conclusion and future scope

The conclusion of this paper underscores the transformative
impact of the proposed fusion model for Predictive
Maintenance in loT-enabled Smart Cities, as indicated by the
exemplary results in precision, accuracy, recall, and AUC.
The model's precision, accuracy, and recall have surpassed
existing methods [5], [9], and [14], marking a significant
advancement in the field.

The culmination of this research underscores the pressing
need for innovative approaches to tackle the multifaceted
challenges of maintaining the complex infrastructure and
systems of Smart Cities. As urbanization and the integration
of 10T technologies continue to burgeon, the demands for
efficient, sustainable, and resilient maintenance strategies
become increasingly apparent.

The proposed fusion model's exceptional precision rate of
96.2% signifies its capacity to recommend maintenance
actions with unparalleled accuracy. This precision translates
into reduced unnecessary interventions, optimized resource
allocation, and substantial cost savings for Smart Cities.
Moreover, the model's accuracy rate of 94.8% underscores its
ability to make correct maintenance decisions, aligning
closely with the actual needs of the urban environment.

The enhanced recall rate of 92.3% ensures that potential
issues within the city's infrastructure are swiftly identified and
addressed. This heightened responsiveness contributes
significantly to the city's resilience, mitigating the impact of
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disruptions and enhancing the overall quality of urban
services.

The impressive AUC of 0.975 attests to the model's prowess
in anomaly detection, a critical aspect of Predictive
Maintenance. This capability enhances the city's
preparedness to handle unexpected events and deviations
from the norm, ensuring the uninterrupted delivery of
essential services to its inhabitants.

In terms of future scope, the research paves the way for
several promising avenues of exploration. Further refinement
of the proposed fusion model can be pursued to enhance its
adaptability to various urban contexts and to accommodate
additional types of sensor data. Moreover, the incorporation
of real-time data streams and the integration of advanced Al
techniques such as reinforcement learning could further
augment the model's predictive capabilities.

Additionally, the scalability of the model can be investigated
to ascertain its applicability to larger Smart Cities with more
complex infrastructure networks. Collaboration with city
authorities and infrastructure providers can facilitate the
deployment of the model in real-world urban environments,
ushering in a new era of data-driven and efficient
maintenance practices.

In conclusion, the proposed fusion model for Predictive
Maintenance in loT-enabled Smart Cities represents a
significant leap forward in urban infrastructure management.
Its outstanding precision, accuracy, recall, and AUC
performance metrics validate its potential to revolutionize
maintenance strategies in Smart Cities, ultimately leading to
more efficient, sustainable, and resilient urban ecosystems.
The ongoing evolution of Smart Cities offers a fertile ground
for further research and deployment, promising a future
where urban maintenance is driven by data-driven
intelligence and innovation sets.

References

[1] O. M. Prabowo, E. Mulyana, I. G. B. B. Nugraha and
S. H. Supangkat, "Cognitive City Platform as Digital
Public Infrastructure for Developing a Smart,
Sustainable and Resilient City in Indonesia," in IEEE
Access, vol. 11, pp. 120157-120178, 2023, doi:
10.1109/ACCESS.2023.3327305.

[2] J. Fan et al., "Understanding Security in Smart City
Domains From the ANT-Centric Perspective," in IEEE
Internet of Things Journal, vol. 10, no. 13, pp. 11199-
11223, 1 Julyl, 2023, doi:
10.1109/J10T.2023.3252040.

https://technicaljournals.org

[3]

[4]

[5]

[6]

[7]

8]

[9]

[10]

[11]

M. Talebkhah, A. Sali, M. Gordan, S. J. Hashim and F.
Z. Rokhani, "Comprehensive Review on Development
of Smart Cities Using Industry 4.0 Technologies,” in
IEEE Access, vol. 11, pp. 91981-92030, 2023, doi:
10.1109/ACCESS.2023.3302262.

A. Arora, A. Jain, D. Yadav, V. Hassija, V. Chamola
and B. Sikdar, "Next Generation of Multi-Agent
Driven Smart City Applications and Research
Paradigms,” in IEEE Open Journal of the
Communications Society, vol. 4, pp. 2104-2121, 2023,
doi: 10.1109/0JCOMS.2023.3310528.

S. A. A. Bokhari and S. Myeong, "The Impact of Al
Applications on Smart Decision-Making in Smart
Cities as Mediated by the Internet of Things and Smart
Governance," in IEEE Access, vol. 11, pp. 120827-
120844, 2023, doi: 10.1109/ACCESS.2023.3327174.
Y. -J. Wu et al.,, "loT Cloud-Edge Reconfigurable
Mixed-Signal Smart Meter Platform for Arc Fault
Detection,"” in IEEE Internet of Things Journal, vol. 10,

no. 2, pp. 1682-1695, 15 Jan.15, 2023, doi:
10.1109/J10T.2022.3210220.
M.  Bansal, I. Chana and S. Clarke,

"UrbanEnQoSPlace: A Deep Reinforcement Learning
Model for Service Placement of Real-Time Smart City
10T Applications,” in IEEE Transactions on Services
Computing, vol. 16, no. 4, pp. 3043-3060, 1 July-Aug.
2023, doi: 10.1109/TSC.2022.3218044.

T. Shafique, R. Gantassi, A. -H. Soliman, A. Amjad, Z.
-Q. Hui and Y. Choi, "A Review of Energy Hole
Mitigating Techniques in Multi-Hop Many to One
Communication and its Significance in 10T Oriented
Smart City Infrastructure," in IEEE Access, vol. 11, pp.
121340-121367, 2023, doi:
10.1109/ACCESS.2023.3327311.

H. Wang, X. Wang, X. Lan, T. Suand L. Wan, "BSBL-
Based Auxiliary Vehicle Position Analysis in Smart
City Using Distributed MEC and UAV-Deployed loT,"
in IEEE Internet of Things Journal, vol. 10, no. 2, pp.
975-986, 15 Jan.15, 2023, doi:
10.1109/J10T.2022.3204986.

A. E. Bekkali, M. Essaaidi and M. Boulmalf, "A
Blockchain-Based Architecture and Framework for
Cybersecure Smart Cities," in IEEE Access, vol. 11,
pp. 76359-76370, 2023, doi:
10.1109/ACCESS.2023.3296482.

G. Tricomi, C. Scaffidi, G. Merlino, F. Longo, A.
Puliafito and S. Distefano, "A Resilient Fire Protection
System for Software-Defined Factories,” in IEEE
Internet of Things Journal, vol. 10, no. 4, pp. 3151-



[12]

[13]

Research Journal of Computer Systems and Engineering (RICSE)
Volume 3 Issue 2 (2022) | Pages:01 — 07 | e-ISSN:2230-8571; p-ISSN: 2230-8563

https://doi.org/10.52710/rjcse.49

3164, 15 Feb.15,
10.1109/J10T.2021.3127387.
B. Ahuja, R. Doriya, S. Salunke, M. F. Hashmi and A.
Gupta, "loT-Based Multi-Dimensional Chaos Mapping
System for Secure and Fast Transmission of Visual
Data in Smart Cities," in IEEE Access, vol. 11, pp.
104930-104945, 2023, doi:
10.1109/ACCESS.2023.3318014.

M. Gheisari et al., "An Agile Privacy-Preservation
Solution for loT-Based Smart City Using Different
Distributions,” in IEEE Open Journal of Vehicular
Technology, vol. 4, pp. 356-362, 2023, doi:
10.1109/0JVT.2023.3243226.

2023, doi:

https://technicaljournals.org

[14]

[15]

4

M. lbrar, L. Wang, N. Shah, O. Rottenstreich, G. -M.
Muntean and A. Akbar, "Reliability-Aware Flow
Distribution ~ Algorithm in  SDN-Enabled Fog
Computing for Smart Cities," in IEEE Transactions on
Vehicular Technology, vol. 72, no. 1, pp. 573-588, Jan.
2023, doi: 10.1109/TVT.2022.3202195.

N. Khan, S. U. Khan, F. U. M. Ullah, M. Y. Lee and S.
W. Baik, "Al-Assisted Hybrid Approach for Energy
Management in loT-Based Smart Microgrid," in IEEE
Internet of Things Journal, vol. 10, no. 21, pp. 18861-
18875, 1 Nov.1, 2023, doi:
10.1109/J10T.2023.3293800.



