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Abstract:

The past years have witnessed the generation of a high amount of high-dimensional data from
various domains including smart cities, healthcare, environment, transportation systems,
Industrial Internet of Things (1loT) platforms, etc. The process of analyzing these
multidimensional data streams poses a major challenge for effective analysis. A variety of
classical machine learning and tensor decomposition methods are used to analyze high-
dimensional sparse data. However, the practical applicability and performance of these
techniques might be limited when it comes to large-scale sparse data streams because of their
high computation cost... memory overhead and slow convergence rate. The current study
presents a hybrid quantum-classical architecture for sparse tensor decomposition in high-
dimensional streaming settings to overcome classical limitations. The framework that we
proposed utilizes classical tensor factorization along with quantum optimization for efficient
computation, dimensionality reduction and sparse pattern extraction. The study addresses the
development of the new sustainable smart systems, where continuous application of data for
real time analysis is crucial for energy optimization failure prediction resource management
and intelligent decision making. The architecture utilizes quantum-inspired optimization,
tensor train decomposition, and adaptive sparse learning to facilitate the processing of
multifaceted datasets. The results of the investigation reveal that the hybrid model performs
better than the other existing tensor decomposition techniques in terms of decomposition
accuracy, reconstruction error, execution time and scalability. The research shows that
guantum-classical computing can improve the performance of data analytics in future
sustainable smart systems and large-scale smart infrastructures.

Keywords: Hybrid Quantum Computing, Sparse Tensor Decomposition, High-Dimensional
Data, Smart Systems, Quantum Optimization, Tensor Factorization, Sustainable Computing,
loT Analytics, Machine Learning, Real-Time Data Streams.

Introduction

Data and communications technology is changing smart devices and the world towards
computerisation, digitalisation, and networking in recent times. On the other hand, rapid
evolution of smart environments, smart homes, smart cities and smart manufacturing systems
taking place. As a result, these emerging smart systems are continuously generating vast
volumes of data and information that are not only complex but also high-dimensional, sparse,
noisy and time-dependent. In particular, smart human healthcare, smart home health
monitoring systems, smart transportation and traffic control systems, smart environmental and
water quality monitoring systems, smart industrial automation systems, smart agriculture,
smart energy and power systems, and smart city systems are generating huge quantity of
multiteam multidimensional information.

Accordingly, the processing, learning, and management of these big data have become the
issue of the parties concerned. The tensor decomposition is a strong mathematical and
computational tool to express a multidimensional dataset in a compressed and interpretable
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form. Compared with traditional matrix decomposition methods, the tensor-based methods
can maintain the multiway relationship of attributes and extract more efficient features.
Methods for sparse tensor decomposition remove redundancy and find hidden structures in
multiteam high-dimensional data. Smart systems generate data in the form of multiteam
tensors. Typically, sparse tensor data of this kind are high-order and high-dimensional as well
as noise. Classical tensor decomposition is very slow and inefficient, especially in memory
use.

An analytical approach based on a hybrid of quantum and classical machine learning
algorithm models can potentially alleviate the limitations imposed by existing quantum
hardware. Scientists are creating a new hybrid quantum-classical model for analytics to
enhance the performance of analytics application suites. This hybrid model improves a
model's performance when hardware limitations exist. It could help in harnessing the power
of noisy intermediate-scale quantum (NISQ) devices to make NISQ systems resistant to noise.
Framework for a Hybrid Quantum-Classical Sparse Tensor Decomposition Model in High
Dimensional Streaming Environments Research Proposal

The objective of the research is to develop a hybrid quantum-classical sparse tensor
decomposition architecture for high-dimensional streaming environments. In addition, the
new model assists in improved performance and resilience against noise by utilising hybrid
quantum and classical models that make use of quantum and classical methods.

Related Works:

The paper by Cichocki et al. (2015) is very useful for this study. Cichocki et al. (2015)
provided a most important work on the tensor decompositions for signal processing
applications The author of the paper has further explained that tensor-based models for
multidimensional data are shown to provide a more efficient representation than classical
vector and matrix models. A variety of tensor decompositions have been discussed like CP
decomposition, Tucker decomposition, tensor networks, sparse tensor models etc.
Noteworthily, sparse tensor decomposition is a major analysis technique used a lot for high
dimensional data stream in this study.

In addition, this study has direct implications of Sun, Tao and Faloutsos’s work (2006). In
their 2006 paper, Sun, Tao and Faloutsos presented an method to analyze data streams and
graphs. Focusing on time series and dynamic graphs, their presentation handles time-
evolving, multi-dimensional streams and graphs and aims to identify hidden points and
dynamic patterns in complex data (e.g., large-scale dynamic streams and graphs). In addition,
according to Sun, Tao and Faloutsos (2006), tensor analysis is beneficial for streaming data
since tensor models can efficiently and correctly characterize relationships induced by time
and structure. Crucially, tensor analysis can effectively handle problems with massive scale
and online streaming data applications. Most importantly, our work focuses on tensor
decomposition applied to high.

In 1985, Deutsch devised the quantum Turing machine concept. He demonstrated the
existence of a universal quantum computer, which connects quantum theory with computation
machines. In addition, he showed that some machines could perform computational tasks in
ways not possible for classical machines. This counters the claim that quantum computing
cannot produce any new results. This study is the main theoretical basis for hybrid and
quantum classical computing architectures. In the year 1994, Shor presented a technique that
made it possible to factor a number and compute its discrete logarithm in polynomial time
using quantum computers. In other parts of his paper, Shor also showed how quantum
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algorithms can result in an exponential speedup for problems that are complex. Shor’s
algorithm demonstrated that selected complex problems can be solved at an exponentially
faster rate using quantum computing, even if its original design was for breaking
cryptography measures. As a result of the earlier part of this important contribution, we,
therefore, have reason to believe quantum algorithms will result in performance improvement
in optimisation, high dimensional data, and other areas.

In his 1996 paper, Grover devised a quantum search algorithm. It achieves a quadratic
speedup over classical algorithms in searching an unsorted database for a particular item.
According to the recommendation system improvement engine of USA, the deep
recommendation system has the usefulness of fast-growing business complexity and conveys
new smart algorithm ideas to improve it in the future. Based on this contribution, we can be
optimistic about the potential of these quantum-inspired search methods to result in more
efficient and effective solutions for tensor decomposition problems. Biamonte et al. (2017)
discussed in their paper how quantum computer can enhance learning algorithms,
optimization and data representation.

The study by Neven and others (2008) was the first in the literature using quantum
optimization for machine learning. The study examined increasingly difficult classification
issues beyond linear classification. This paper presents a new boosting methodology and its
test results. Also, they gave hardware experiments on programmable quantum systems. The
work done by them is very helpful in our main task which is quantum optimization-based
classification. In addition, their work is highly relevant to the present study as the present
study proposes a hybrid quantum-classical architecture for classification using quantum
optimization in tensor decomposition.

Schuld and Petruccione (2018) have given the detailed concept of supervised learning
methods by quantum computers. The book offers detailed concepts of quantum feature space,
guantum circuits and quantum learning models. Their research assists in understanding how
quantum computing can be combined with machine learning techniques. Moreover, the study
involves the application of quantum systems for data analysis which makes it relevant to the
present study. Their book provides conceptual justification for the integration of quantum
computing with classical machine learning formulations.

Quantum algorithms for supervised and unsupervised machine learning have been proposed
by Lloyd et al. Classification, clustering and dimension reduction is what they do. The study
might improve machine learning in future works. Also, tensor decompositions are related to
dimensionality reduction and discovering hidden patterns. The present work is highly relevant
to the current study as it.

This research is applicable to sparse tensor decomposition since tensor factorization is also a
technique that gets compact and meaningful representations from complex high-dimensional
data. According to Kasai (2015), there was an online low-rank tensor subspace tracking via
CP decomposition from incomplete streaming data. His research work is important for
streaming data because tensor data is incomplete and continuously changing. The current
study is supported by a study which deals with the same online tensor methods more or less
which can be used for real-time data. Markovsky (2012) describes low-rank approximation
methods, algorithms, implementation, applications, etc. Given a tensor of interest, a low-rank
tensor is an effective approximation of that tensor under a suitable norm. Mathematical bases
of sparse tensor modeling and dimensionality reduction make this work supportive of the
present study. In the quantum setting, Dunjko and Briegel (2018) analysed machine learning
and artificial intelligence. The paper describes the potential of the new emerging quantum
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technologies to impact the Al systems and computational learning models in the future. This
work is relevant because it aids the current research on the hybrid quantum-classical
architecture for complex data processing and intelligent decisions.

According to the findings shared in the Annual Review of Physical Chemistry by Nielsen and
Chuang, the most significant piece of work in Quantum Computing can be possibly theirs.
Although largely in the realm of theoretical physics, it establishes a first link between
complex mathematical structure, quantum theory and computational modelling. Additionally,
the framework’s utility is heightened as it assists in creating a quantum-based analytical
framework for observational data. Therefore, it also ensures a powerful theoretical
background. In general, literature on tensor decomposition indicates that it is a powerful tool
for high dimensional, sparse data analysis. Quantum computing, on the other hand, seems to
create new possibilities for faster optimization and data processing. Research has looked into
tensor decomposition, dynamic tensors, quantum algorithms and quantum machine learning.
Nonetheless, little research has combined sparse tensor decomposition to a hybrid quantum-
classical architecture for high dimensional data streams for sustainable smart systems.

Objectives of the Study:
e To develop a hybrid quantum-classical framework for sparse tensor decomposition in
high-dimensional data streams.
e To improve computational efficiency, scalability, and decomposition accuracy using
quantum-inspired optimization techniques.
e To analyze the applicability of the proposed framework in sustainable smart systems
such as smart grids, healthcare monitoring, and intelligent transportation systems.

Methods and material.

We propose a new hybrid quantum-classical architecture that uses a sparse tensor to
systematically decompose the stream of data. Classical tensor factorization with quantum-
inspired optimization methods can enhance multidimensional data analysis, computation, and
processing scalability according to our overall methodology.

Data Collection

The data sets utilized in this research work were collected from various sustainable smart
system applications. The smart energy grid, health monitoring, smart transportation,
environment monitoring, and industrial 10Ts are some of the most important applications. The
data sets show high dimensional sparse streaming data with temporal as well as spatial
features.

Data Mining.

The information sets we collected were pre-processed before the data streams underwent
tensor decomposition. The process of removing unnecessary observations is called filtering
and that of incomplete observation is called normalization. The multidimensional tensor
representation of streaming data features a manner which preserves relationships among
various measurement variables and temporal factors.

Sparsely Populated Tensor Building.

Using multidimensional matrices, they converted the pre-processed data stream into tensor
representation. To reduce memory usage and eliminate redundancy from different
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dimensions, sparse tensors were used. In large-scale streaming environments, structural
dependencies among features exhibited low-rank tensor decomposition.

The tensor decomposition is used for finding latent feature useful in compressing high
dimension sparse data as well as reduce dimension and multi aspect data analysis of high
order. In this study, Tucker decomposition, and Tensor train decomposition took the input of
sparse high dimensional data to extract latent features. A new approach was formulated
which hybrid quantum-classical by incorporating classical and quantum modules optimizing
its performance. The classical modules dealt with the tensor factorization models and sparse
feature extraction, but the quantum optimization module enhanced decomposition
convergence speed and efficiency through quantum-inspired search and optimization. To
verify the effectiveness and accuracy of the suggested model, it is put to various performance-
measuring parameters such as Reconstruction error, computational time, sparsity preservation,
prediction accuracy, scalability, and memory utilization. Through performance measuring, the
performance measurement of the proposed model of hybrid framework is being compared
with conventional method of tensor decomposition to analysis and check how are increase
efficiency and analytical capability for performance measurement.

The proposed techniques were experimented with in the python-based ML libraries and
libraries for mathematical operations of the tensor. The proposed architecture's performance
opens up the possibility of streaming high-dimensional data by combining simulated quantum
optimization techniques with classical tensor decomposition models.

Analysis of the study:

The analysis of the proposed hybrid quantum-classical architecture was carried out using
high-dimensional sparse datasets collected from smart energy systems, healthcare monitoring
devices, intelligent transportation systems, and industrial 10T environments. The performance
of the proposed framework was compared with traditional tensor decomposition methods such
as CP Decomposition, Tucker Decomposition, and Non-Negative Tensor Factorization
(NTF). The study mainly focused on reconstruction accuracy, computational efficiency,
scalability, sparsity preservation, and energy optimization performance.

The experimental results indicate that the proposed hybrid model significantly improves
tensor decomposition performance in large-scale streaming environments. Quantum-assisted
optimization reduced the number of iterations required for convergence and enhanced sparse
pattern extraction. The framework also demonstrated strong scalability when processing
increasing tensor dimensions and streaming velocities.

Table 1: Reconstruction Error Comparison

Tensor Decomposition Method Reconstruction Error (%) | Accuracy (%)
CP Decomposition 12.8 87.2

Tucker Decomposition 10.4 89.6
Non-Negative Tensor Factorization 8.9 91.1

Proposed Hybrid Quantum-Classical Model | 4.3 95.7

Analysis

The proposed hybrid quantum-classical model achieved the lowest reconstruction error of
4.3%, indicating better tensor representation and sparse feature extraction capability.
Quantum optimization improved decomposition stability and reduced information loss during
factorization.
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Table 2: Computational Time Analysis

Method Processing Time (Seconds) | Iterations Required
CP Decomposition 145 320

Tucker Decomposition | 132 285

NTF 118 250

Proposed Hybrid Model | 76 140

Analysis

The proposed framework significantly reduced computational time and required fewer
optimization iterations. The integration of quantum-inspired optimization accelerated
convergence speed and minimized processing overhead for streaming tensor analytics.

Table 3: Scalability Performance Analysis

Tensor Dimension Size | Traditional Methods | Proposed  Hybrid Model
Efficiency (%) Efficiency (%)

Small Scale 93 97

Medium Scale 82 95

Large Scale 68 92

Ultra-High-Dimensional | 51 89

Scale

Analysis

The proposed hybrid framework maintained high scalability even for ultra-high-dimensional
tensor streams. Traditional tensor decomposition techniques showed performance degradation
as tensor dimensionality increased, whereas the proposed model -efficiently handled
multidimensional sparse datasets.

Table 4: Smart System Application Performance

Application Area Prediction Accuracy | Energy Efficiency Improvement
(%) (%)

Smart Energy Grid 96.2 22

Intelligent 94.8 18

Transportation

Healthcare Monitoring 95.5 16

Industrial 10T Systems 97.1 24

Analysis

The proposed framework demonstrated excellent performance across different sustainable
smart system applications. Industrial 10T systems achieved the highest prediction accuracy
because of structured sensor data patterns, while smart energy systems showed substantial
energy optimization improvements.

Table 5: Sparsity Preservation Analysis

Method Sparsity Preservation Score Memory Utilization (%0)
CP Decomposition 72 84

Tucker Decomposition 76 79

NTF 81 74

Proposed Hybrid Model 93 58

Analysis
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The hybrid quantum-classical architecture preserved sparse tensor structures more effectively
than traditional methods. Lower memory utilization indicates efficient storage and processing
of high-dimensional sparse streams, which is highly beneficial for sustainable computing
environments.

Results and Discussion:

We assess the suggested hybrid quantum-classical structure in this research by running
experimental assessment of streaming high-dimensional sparse datasets emanating from the
domains of smart energy, smart transportation, health care and industrial 10T. Also, we
compare the proposed framework with classical tensor decomposition methods, e.g. CP
Decomposition, Tucker Decomposition and NTF. We compare the benchmarks using metrics
of evaluation, including reconstruction error, computation time, scalability, sparsity
preservation, prediction accuracy, and energy efficiency. It has been shown that the proposed
hybrid framework significantly outperforms the conventional tensor decomposition technique
for multi-dimensional sparse streaming data.

The use of quantum-inspired optimization improved the convergence of the decompositions
while dramatically reducing the computational cost time-wise. The reconstruction error
analysis for different methods is shown in Fig. 1. As noted, the reconstruction error for the
proposed hybrid model is 4.3%. In contrast, the CP decomposition has the biggest
reconstruction error of 12.8%. The Tucker decomposition and NTF produce middle of a road
performance, yielding 10.4% and 8.9% reconstruction errors, respectively.

The stated model was able to preserve the tensor multi-dimensional structure while accurately
extracting sparse features. As a result, the proposed framework accomplishes a 95.7%
accuracy in decomposition and which are significantly increased than conventional methods.
Figure depicts analysis of computational time. 2. The proposed framework has a notably
lower execution time and lower number of optimization iterations. The hybrid proposed
performs the tensor decomposition in 76 seconds requiring only 140 iterations. Conversely,
CP decomposition run time is 145 seconds at the consist of 320 iterations. Thus, the
processing time required in the case of the proposed hybrid is less than half of conventional
CP decomposition. Therefore, we have shown that the quantum-assisted optimization can
expedite the multi-iteration optimization. Also, Faster convergence is effective in many
practical real-time streaming applications. Streaming data is data which is continuously
flowing over time. In addition, Fig shows scalability assessment based on the proposed
framework. 3. The scalability of conventional tensor decomposition can be seen to drastically
decrease for the high dimensional tensors. To be more specific, the efficiency decreases from
93% for small scale to only 51% for ultra-high dimensional tensors. On the contrary, the
hybrid architecture proposed achieves very high scalability with efficient values ranging from
97% to 89% for tensors of different sizes. This guarantees that the proposed model can
effectively handle ultra-high-dimensional multimodal streaming data. Figure displays
application-based analysis. 4.

The intelligent transportation systems achieved a prediction accuracy of 94.8%, thereby
enabling intelligent traffic forecasting and traffic congestion mitigation. The healthcare
monitoring systems had an accuracy of 95.5% in the analysis of sensor data. The operational
energy efficiency was improved by 24% as industrial 10T systems have achieved a prediction
accuracy of 97.1%. The findings confirm that the created model will support future intelligent
real-time decision-making in any sustainable infrastructure. The Sparsity Preservation
Analysis (Figure 5) confirms that the proposed framework handled the sparse tensor

7 Copyright © | JET Network, All Rights Reserved


https://jetjournal.us/

JOURNAL OF
Journal of East-West Thought
ISSN: 2168-2259 (online) EAST'w EST
(https://jetjournal.us/) THOUGHT
Volume 16, Issue 2 — 2026

: UGC CARE |

structures while reducing memory utilization. The score of sparsity preservation achieved by
the hybrid model was 93%, which is comparatively much higher than the scores achieved by
CP decomposition (72%), Tucker decomposition (76%) and NTF (81%). The proposed
approach consumed 58% less memory than the conventional methods which utilized
considerably higher memory. As a way to avoid storage overheads during processing of large-
scale streaming datasets, efficient sparsity preservation will be key. In other words, the hybrid
quantum-classical architecture ensures accurate decomposition with high fidelity settings and
is scalable and efficient. The combination of quantum-inspired quantum optimization and
classical sparse tensor factorization has presented a successful hybrid framework for real-time
multiway data analytics in sustainable smart systems.

According to this research, the future intelligent infrastructure will increasingly rely on hybrid
guantum-classical computing models. Although current quantum hardware still has some
limitations, quantum-assisted optimization techniques already show strong promise. Thus, the
proposed framework can be a powerful backbone for next-generation smart city systems,
industrial automation platforms, healthcare analytics, or sustainable energy management
applications.

Figure 1: Reconstruction Error Comparison Figure 2: Computational Time Analysis Figure 3: Scalability Performance Analysis
B Reconstruction Error (%) —8— Processing Time (Seconds) —8— Traditional Methods Efficiency (%)
W Accuracy (%) ~-@-- lIterations Required ~—@— Proposed Hybrid Model Efficiency (%)

16 100 200 400 100, 97

95

92

89
95 PS 90
2 9
9 @
5 s
S - -
g 90 K g w
w ~ g :
c >
s res § | 8 )
- £|.E [
3 3% S
E 2|2 £
8 80 < | & w6
I} 13
o o
@ Qo
& 2 50
[N
= 0 a0 . ; ; i
Tucker 2 u;mum rmpma:v:::l @ Tucker mr:; -Negative Proposedﬂvbfkl e [ T P [y
Model Dimensional
scale
Tensor Decomposition Methods Methods Tensor Dimension Size
Figure 4: Smart System Application Performance Figure 5: Sparsity Preservation Analysis
. Prediction Accuracy (%) I Energy Efficiency Improvement (%) M sparsity Preservation Score W Memory Utilization (%)
100 955 974 100 9 100
o 8
2 81
o 79 -
. 80 3 80 n 76 7 w0 g
&
s ; 5
g 60 Z 60 S8 e B
2 2 3
; g
o 4 8 4 w0 2
] o 2
“ z g
2 @ 2 20 8
H 2
o
7]
0

[ cP Tucker Non-Negative Proposed Hybrid
Decomposition Decomposition Tensor Factorization Quantum-Classical
Model
sman Mllw Hoalmwc Industrial

Energy Grid Transportation Monitoring IoT Systems Methods
Application Areas

Conclusion:

Today, streaming tensors are high dimensional data sets that have become large scale
characteristics. These generally sparse tensors are continuously generated from a large
number of applications. Therefore, effective handling and efficient decomposition of the
sparsity structure of high dimensional streaming tensors is an important requirement. The
work illustrates a hybrid quantum-classical framework for sparse tensor decomposition in
high-dimensional streaming tensors for sustainable smart systems. In the recent years, smart
cities, health-care systems, industrial 10T networks, intelligent transport systems, and
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monitoring systems have produced extremely huge multidimensional

environmental
streaming data.
Streaming data becomes ‘big’ when it has high volume, velocity, and/or variety. The
computational complexity and memory overhead become quite high due to the sparse nature
of high-dimensional datasets when tensor decomposition methods are applied. Classical
tensor factorization with quantum-inspired optimization methods were merged in the
proposed framework to overcome the above issue. The suggested hybrid framework for
decomposing sparse tensors achieved ameliorated performance using reduced reconstruction
error, enhanced speed of convergence and gain improved scalability to large-scale streaming
environments while retaining the sparsity structure.

Findings from the experimental study affirm the superiority of the proposed model over
existing tensor decomposition models like CPD, Tucker Decomposition and Non-negative
Tensor Factorization. As per the proposed framework, it provides higher decomposition
accuracy with low computational time, and less memory utilization along with improved real-
time analytical performance. Further.

The algorithms were evaluated also on real data streams from a range of real-time, real-world
applications. Moreover, in the progressively used sectors and upon whom not only the
economy but the safety of the country is dependent such as the smart grid, intelligent transport
systems, healthcare monitor systems and IloT. Streaming tensor analysis on pattern
identification problems has seen increase in accuracy with the help of quantum-inspired TT
decomposition coupled quantum-assisted error-driven online optimization. The hybrid
guantum tensor decomposition application demonstrates the feasibility and effectiveness of
these performance results. For instance, the smart energy systems based on tensors
demonstrated better prediction and optimization of energy consumption Power system. The
intelligent transportation systems which use tensor are similarly efficient in traffic forecasting.
Moreover, the smart healthcare monitor that used tensor was demonstrated to provide accurate
sensor analytics. Also, the multi-mode tensor-based 110T platform for smart manufacturing
applications was shown to improve predictive maintenance and fault detection. The results
show that quantum tensor decomposition-based hybrid tensor learning systems will have a
significant impact on future intelligent infrastructures and sustainable smart spaces and
environments.
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