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Abstract: Cyber-physical healthcare systems (CPHS) allow sustained vital sign monitoring through the integration of
physiological sensors, intelligent computing, and networked control, addressing the increasing demand for proactive and
personalized healthcare. The conventional tools of monitoring are still bound to the data acquisition process that took intermittent
values, false-alarm percentage, and inability to adjust to the dynamic patient status. To address these issues, this study suggests an
Al-based CPHS system of real-time measurements and early warning against potential risks of such vital signs as heart rate,
blood pressure, oxygen saturation, and respiratory rate. The main goal is to create a scalable, intelligent system, which can
accurately, continuously, and contextually measure health. The suggested methodology is multimodal wearable sensing, used
together with edge-cloud intelligence, in which sophisticated Al models are used to process noise-resilient signals, extract
temporal features, and make predictive analytics. The analysis is done using four sophisticated algorithms, Temporal Fusion
Transformer (TFT) to predict long-term vital trend, Graph Neural Networks (GNN) to learn inter-vital physiological
relationships, Federated Learning-based CNN-BILSTM to make privacy-preserving personalized predictions. It shows better
results by experimental assessment on benchmark physiological datasets with up to 97.4 percent classification, 95.1 percent
sensitivity, and a 38 percentage decline in false alarms against the traditional deep learning models. Latency result indicates the
real time inference using 42ms at the edge layer. The findings affirm that Al-based CPHS can significantly improve reliability,
responsiveness, and clinical decision support and thus can be used to conduct the continuous monitoring of smart hospitals and
remote care of patients.
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1. Introduction

Cyber-physical healthcare systems (CPHS) have become a paradigm shift in healthcare delivery with a
combination of physical sensing and computational intelligence and communication networks, converting healthcare
delivery into a continuous and intelligent system. These systems have a close connection between the physiological
data collection and real-time analytics and automated decision-making and, therefore, proactive and personalized
medical care. The persistent use of vital signs that indicate heart rate, blood pressure, oxygen saturation, and
respiratory rate has become a necessity in the modern healthcare delivery as the prevalence of chronic diseases and
aging populations grows (Taherdoost, 2024). CPHS also increase the customary surveillance by incorporating
feedback and control functions that enable timely clinical intervention and enhanced patient outcomes within the
hospital, home, and smart city settings (Verma, 2022). Although there has been advancements in technology, the
traditional vital sign monitoring systems are still rule-based and reactive to a great extent. The majority of traditional
systems are based on predetermined thresholds and intermittent measurements, which do not represent the variation
of complex time variations, and physiological interdependencies that can be found in human vital signs. These fixed
techniques do not usually respond to the slow degradation of health and individual diversification, resulting in
delays in identifying the presence of adverse events (Ferdousi et al., 2021). Also, rule-based systems are likely to
generate too many false alarms, which adds extra workload to the clinician and leads to alarm fatigue in the clinical
environment (Selvaraju et al., 2022). These shortcomings decrease the resilience of the systems and prevent the
mass implementation of continuous monitoring systems.

Artificial intelligence has also been accepted as one of the primary facilitators of improving intelligence and
flexibility of healthcare cyber-physics. With machine learning and deep learning methods, it is possible to extract
features and model the temporal dynamics of high-dimensional physiological data streams automatically, and have
predictive and anomaly detection performance superior to that of a human-constructed rule set. The prediction of
early health risks and continuous measurements with the help of Al-driven models have shown considerable
enhancements through the adaptability to complex nonlinear trends in multimodal sensor data (Kumar et al., 2023).
Moreover, adaptive decision-making using Al in the context of CPHS allows the systems to adapt with the changes
in patient status and setting (Abdulsattar et al., 2026). The given recent developments also underline the significance
of reliable and scalable Al in healthcare CPHS. Explainable artificial intelligence also improves model transparency
and interpretability, which is necessary to be clinically acceptable and comply with all regulations (Abououf et al.,
2024). Federated learning is a privacy-preserving technique that resolves issues associated with data confidentiality
since data can be trained by distributing models without providing data centrally (Deebak and Hwang, 2025).
Additionally, digital twin systems give virtual patient models, which aid in real-time tracking and prediction
simulation, allowing patient-specific and evidence-based medical care management (Jameil & Al-Raweshidy, 2025).
The Al-powered healthcare cyber-physical system in the figure 1 combines wearable sensors, edge-cloud analytics,
digital twins, federated learning, and safe clinical decision support by creating a closed-loop feedback between the
patients and the clinicians.
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Figure 1. General overview of Cyber-Physical Healthcare Systems



This research is driven by the fact that no coherent CPHS systems have been established that can easily
combine continuous sensing, high-order analytics of Al, low-latency edge-cloud computing, and privacy-sensitive
mechanisms. Most current solutions concentrate on individual elements, including individual AI models or
individual sensing modes, which does not allow them to be effective in practical applications (Gan et al., 2023).
Also, there are also problems of scalability, latency, interoperability, and security that make implementing intelligent
monitoring systems in smart hospitals and remote care settings more difficult (Yang et al., 2023). These challenges
are important to overcome to achieve the realization of reliable, real-time, and intelligent healthcare services.

To fill these gaps, the proposed study is aimed at the creation of an Al-driven cyber-physical healthcare
system that would be used to monitor vital signs continuously and early recognize risk factors. The proposed system
combines wearable sensing devices with edge cloud intelligence and state of the art Al algorithms in order to make
available quality, low-latency and adaptive monitoring. This study achieves this by rigorously integrating state of the
art Al methodologies to a cyber-physical system to advance intelligent healthcare systems that have the potential to
enable proactive clinical decision making and long term healthcare provision.

Key Contributions of the Paper

e Introduces a unified Al-enabled cyber-physical healthcare framework for continuous, adaptive, and real-
time vital sign monitoring.

o Applies advanced Al techniques for temporal forecasting, physiological dependency modeling, privacy
preservation, and anomaly detection.

e Validates improved accuracy, reduced false alarms, and real-time performance through comprehensive
experimental evaluation.

2. Related Work

The ongoing vital sign monitoring is a research area that has received a lot of attention following the
development of wearable and non-contact sensing devices. Internet-of-Things wearable devices allow continuous
capture of physiological data and mobility and remote health care provision. In the initial reviews, there is a focus on
the development of the wearable healthcare devices and the enhancement of the sensor miniaturization, energy
efficiency, and the possibility of wireless connection to support continuous monitoring usage (Surantha et al., 2021).
Newer surveys indicate that wearable medical IoT platforms are integrated with smart analytics to be used in real-
time monitoring and earlier intervention in pervasive healthcare settings (Subhan et al., 2023). Simultaneously, non-
contact methods of sensing, including camera-related monitoring, have also become interesting in non-invasive vital
sign estimation, especially under clinical and home environments, where the comfort of users is essential (Selvaraju
et al., 2022). All these sensing modalities combine them into continuous data streams that cyber-physical healthcare
systems need.

Other than sensing, artificial intelligence is a key element in converting raw physiological information to
actionable information. In healthcare cyber-physical systems, Al-based models of health prediction have been
extensively used in assisting in the early detection of diseases and risk assessment (Kumar et al., 2023). Healthcare
CPS-specific data analytics frameworks can additionally be used to process and extract knowledge out of
heterogeneous sensor data in a scalable manner, which can be used to make real-time decisions (Gan et al., 2023).
Also, it has investigated transfer learning and transformer-based models to enhance anomaly detection and fault
diagnosis of cyber-physical systems, especially where the labeled medical data are scarce (Sajjadi et al., 2025). Ease
of explanation and protection of privacy have become the imperative needs of Al-based healthcare monitoring
systems. Black-box Al models are accurate, however, not always transparent, which restricts clinical trust and
adoption. Explainable AI methods allow understanding the decision taken by the model in an interpretable way, and
it increases accountability in the healthcare monitoring and anomaly detection activities (Abououf et al., 2024). The
problem of privacy related to centralized data processing has prompted the discovery of privacy-preserving and
secure Al methods. It has suggested authentication and secure analytics frameworks to secure sensitive health data
and guarantee trustful service provision in healthcare CPS (Wazid et al., 2023). In addition, the use of privacy-aware
human interaction recognition systems indicates the ability of secure learning paradigms to remain performance-
wise and secure patient information (Yang et al., 2023).

Another important technology in smart healthcare is the digital twin technology. Digital twins are virtual
copies of physical objects, which allow monitoring them in real time, simulating and analyzing predictively. It has
been suggested that digital twin-based systems can be used to improve the cyber-physical medical system through



the combination of Al-based analytics and safe data transmission protocols (Rahim et al., 2024). Digital twins that
are patient-centric also integrate medical and social data to assist in providing care and long-term monitoring that is
customized (Mikotajewska et al., 2026). Multi-agent system architectures are the complements to digital twins
because they can offer distributed intelligence, coordination, and adaptive decision-making in smart city contexts in
healthcare (Abdulsattar et al., 2026). Security, trust, and resilience still form the major issues of healthcare cyber-
physical systems. Healthcare cybersecurity threats to healthcare infrastructures can undermine patient safety and
reliability of the system. Research on forensic-conscious CPS emphasizes secure authentication, analytics of the
services, and attack resilience in the healthcare setting (Deebak and Hwang, 2025). Professional reviews also
highlight the importance of preparedness and recovery policies against cyberattacks especially in medically sensitive
areas that demand a lot of data like radiology (Desjardins et al., 2025). These materials emphasize the importance of
combining the security schemes together with smart surveillance capabilities.

In spite of these developments, there are still a number of research gaps. Most of the existing literature
addresses individual aspects of sensing, Al analytics, or security, and does not present coherent cyber-physical
frameworks. Little is done in terms of taking a collective approach to scalability, latency, explainability, privacy, and
real-time performance in continuous monitoring systems.

Table 1. Related work summary in Cyber-Physical Healthcare Systems
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3. Description Of Dataset

The Human Vital Signs Dataset (2024) is a massive structured dataset that is intended to assist the research in
the field of continuous patient monitoring, medical diagnostic, and health risk prediction by AI. It is made of
200,000 samples taken in a variety of patients, which provides an extensive coverage of the physiological healthy
conditions in terms of age, sex, and body structure. The records are distinctly identified by patient ID and time
statistics, thereby allowing a cross-sectional and longitudinal analysis of the changes in vital signs. The data set
defines fundamental physiological variables, which are important in healthcare observations, such as heart rate,
respiratory rate, body temperature, oxygen saturation, systolic blood pressure, and diastolic blood pressure, all of

which are within clinically relevant ranges to indicate realistic observations of monitoring.
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Figure 2.Distribution of Vital Sign and Derived Health Parameters in the Human Vital Signs Dataset

Along with the raw vital signs, the dataset also contains demographic and anthropometric data including the
age, gender, weight, and height. All these can enable researchers to examine population specific trends and
customize predictive models. In order to gain deeper levels of analysis, several derived features are being offered.
Heart Rate Variability (HRV) measures the activity of the autonomic nervous system, Pulse Pressure and Mean
Arterial Pressure give information about the condition of the cardiovascular system. The Body Mass Index (BMI) is
used to describe the risks of metabolism, which connects physiological measurements with lifestyle and body
composition. The statistical distributions of core vital signs and derived health features as shown in the figure 2 have
clinically realistic ranges, uniform variability, and are appropriate in Al-based risk prediction and continuous
monitoring analysis. One of the advantages of the data set is the presence of a target variable Risk Category that is
labeled. Clinically defined thresholds in relation to the essential signs of vitality and derived measures of patient
status classify patients as High Risk or Low Risk. This labeling allows supervised machine learning activities like
classification, risk identification at an early stage and the analysis of anomalies.

4. System Architecture Of The Proposed Ai-Enabled Cphs

4.1 Cyber-Physical Healthcare System Model and Assumptions

The suggested Al-based system of cyber-physical healthcare (CPHS) is a closed-loop system that closely
combines physical sensing, intelligent computing, and clinical feedback features. This system presupposes the
sustained presence of wearable or non-contact sensors that would be able to measure vital signs in real-time, stable
short and long-range communication, and edge and cloud layer distributed computational resources. It also
presupposes the consent of the patient, safety in data delivery, and adherence to health data policies. CPHS exists in
dynamic conditions, and the physiological parameters change with time and with people, and it needs adaptive and
context-based intelligence. The model focuses on real time responsiveness, fault tolerance and scalability in order to
facilitate implementation in the hospital, home based care and smart city healthcare settings.

4.2 Multimodal Sensing Layer for Continuous Vital Sign Acquisition

Multimodal sensing layer constitutes the physical basis of the CPHS and it is the one that performs
continuous acquisition of physiological signals. The layer combines wearable sensors with, where necessary, non-
contact sensing technologies to measure such vital parameters as heart rate, respiratory rate, body temperature,
oxygen saturation and blood pressure. Through multimodal sensing, the system is more resistant to sensor noise,
motion artifact and data loss. The sensing layer facilitates time based information gathering and patient profiling to
make longitudinal monitoring. Perpetual acquisition provides the ability to record subtle physiological changes and
this is very crucial in detecting an impending sign of health decline and individual risk evaluation.



4.3 Edge—Cloud Computing and Communication Framework

The proposed CPHS uses a hierarchical edge-cloud computing model to balance the latency, scalability, and
the computational efficiency. Models that are computationally intensive like training models, long term trend
analysis, and learning at the population level are moved to the cloud layer. Data communication protocols can be
secure and reliable to allow smooth data exchange among sensing, edge nodes and cloud servers. This hybrid
architecture uses less bandwidth, supports real-time decision-making and guarantees scalability of the system to
large populations of patients.

1. Sensor Data Acquisition Model

The continuous stream of patient data is in the form of multidimensional data produced by the physiological
sensor network.

Ds(t) = {x1(t),x2(t),x3(t), ... ,xn(t)}
Where,
Ds(t) = the perceived physiological data at a time t.
xi(t) 1 th physiological variable (heart rate, temperature, glucose level, blood pressure, etc.)
N = the number of sensors in the system.

2. Edge Processing Latency Model

Local processing of edge nodes is done to minimize the response time of the system.

Cproc
Ledge = ( P

T
Fedge) + Tqueue

3. Cloud Offloading Decision Function

The workload is moved to the cloud in case needed computing capacity surpasses the edge capacity.
5 =
1,if Ctask > Cedge
0, otherwise

4. Bandwidth Utilization Model of communication

An efficient communication between the sensors and edge nodes and the cloud servers can be represented as:

Butil = 2 Si
uhe = Ttrans X Bmax

5. The total system response time Model

The edge processing, communication delay and cloud computation are all parts of the total response time of
the edge-cloud system.

Ttotal = Tedge + Tcomm + Tcloud



4.4 Data Flow, Synchronization, and Control Loops

The system architecture is based on a well-defined data flow flowing with continuous data sensing and
followed by preprocessing, Al analysis, and decision making. Multimodal data streams are synchronized in time,
providing the possibility of proper time modelling of physiological measurements. Feedback mechanisms are
created between the cyber element and the physical one to ensure that outputs of the system, i.e., alerts or
recommendations can control patient monitoring plans or sensor parameters. This closed-loop functionality permits
adaptive monitoring using a dynamic adjustment of the sensing frequency and analysis depth according to the risk of
the patient, which guarantees the efficient use of resources and prompt intervention.

4.5 Integration with Clinical Decision Support Systems

The last tier of the proposed CPHS combines Al-based insights and clinical decision support systems (CDSS).
Intuitive dashboards and alert systems display processed outcomes, such as the risk scores, anomaly alerts, and
predictive trends to the clinicians. The process of integration assists in making informed decisions based on the
continuous monitoring data coupled with clinical knowledge. The system is tailored to supplement clinicians and not
substitute them by delivering information, which is readable, actionable, and timely. This type of integration can
help improve patient safety, lessen clinician workload, and enable proactive and personalized healthcare provision in
a wide range of care settings.

5. AI Methodology For Continuous Vital Sign Analysis

5.1 Data Preprocessing, Denoising, and Temporal Segmentation

The continuous vital sign data obtained using wearable sensors is always noisy because of motion artifact,
sensor drift, sample loss, and environmental interference. Raw physiological data are synchronized and resampled to
a standard temporal resolution to make sure that downstream analysis is done in a robust fashion. Linear
interpolation is used to estimate values that are missing and statistical filtering is used to exclude abnormal spikes. A
low-pass filter is used to signal denoise in order to conserve physiological trends. Lastly, smoothed sliding windows
are adopted to conduct temporal segmentation to capture time based patterns.

Here the normalization of a vital signal is presented as:

x(t)— u

Xnorm(t) = pu

Denoising using a moving average filter is defined as:

xa = () Z0axe — b
Outlier detection is performed using Hampel filtering:
|x(t) — median(x)| > k - MAD
Temporal window segmentation is represented as:
Wk = {xd()|t € [kT,(k+ 1DT]}

Model training is done with each segmented window W k as an input sample.

The way that vital signs and parameters derived by them are related to each other is shown in Figure 3, where
strong correlation between body composition characteristics and blood pressure-related metrics are observed, which
leads to the idea that to learn physiological dependencies, it is reasonable to resort to graph-based modeling.
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Figure 3. Correlation Heatmap of Vital Signs and Derived Physiological Features
5.2 Temporal Fusion Transformer for Long-Term Vital Sign Forecasting

The Temporal Fusion Transformer has been used to predict the temporal dependencies on a long-term basis in
multivariate vital sign time series. It successfully managed both short and long term changes by combining repetitive
layers and attention. Age and body mass index were taken as a static patient property as well as dynamic
physiological signals in order to make predictions context-dependent. TFT has a variable selection network that
automatically selected the most significant vital parameters at each time step, enhancing interpretability and ability
to resist. The use of temporal attention layers enabled the model to concentrate on the clinically relevant times, i.e.,
patterns of gradual deterioration. Consequently, TFT was capable of predicting future vital signs well and aided in
the early detection of health risks in long-term monitoring situations.

Given an input sequence X = {xq, X5, ..., X7}, temporal embeddings are computed as:
e; = Embedding (x;)
Attention scores are calculated using:

exp exp (Q.K{)
(Q:Kin)

At}

Context vectors are obtained as:

T

= Z agpnVe

=1

N
S
|

Gating mechanism is defined as:
gt = U(%Zt + bg)
Final prediction is computed by:

Ve = Wog: + b,

TFT enables early identification of abnormal long-term vital sign trajectories.



Algorithm 1 Temporal Vital Trend Prediction Using TFT
1: Initialize TFT parameters 0
2: Input vital signs V(t) and static features S
3: Embed inputs using feature embedding layer
4: for each time step t do
5:  Encode temporal dependencies using LSTM encoder
6:  Apply variable selection network with gating mechanism
7:  Compute temporal attention scores
8:  Generate context-aware temporal representations
9: end for
10: Predict future vital signs V(t+A)
11: Compute loss using mean squared error
12: Update 0 using backpropagation
13: return V(t+A)
5.3 Graph Neural Network for Physiological Dependency Modeling

Graph Neural Networks were also applied to simulate inter-vital physiological dependencies due to the
representation of the vital signs as nodes in a graph structure. Relation was coded by using edges between various
physiological parameters as heart rate and blood pressure, and through which relational learning was possible. By
repeated message exchange, every node combined the data of its neighboring nodes, and hence the network had the
capacity to integrate unstable nonlinear interaction among vital signs. This method enhanced physiological
consistency as well as model insights on correlated health dynamics. The representation of the GNN-based system
enhanced downstream prediction and classification classes because it retained interdependencies, which a classical
model of vectors tended to overlook.

Let G = (V, E) denote the physiological graph. Initial node embeddings are:
hy = x,

Message aggregation is expressed as:

my, = Zuenwhi
Node update is defined as:

Rttt = a(Wiml + bY)
Graph convolution operation is:
H*' =o¢ (D_%A D_%HIW)

Final graph representation is:

he = Pool({h,})
This modeling captures cross-vital dependencies such as heart rate—respiratory interactions.

Algorithm 2 Inter-Vital Correlation Learning Using GNN
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—_

: Construct graph G = (V, E) where nodes represent vital signs

2: Initialize node features h_i° using V_i(t)

W

: Learn adjacency matrix A from physiological correlations

N

:fork=1toKdo

W

for each node i € V do
6: Aggregate messages from neighboring nodes
7

Update node embedding using nonlinear activation

o]

end for
9: end for
10: Generate final inter-vital representation H_ GNN

11: return H GNN

5.4 Federated CNN-BiLSTM for Privacy-Preserving Personalized Learning

Federated Learning with CNN-BiLSTM model was employed to provide privacy preserving personalized
inferences in the distributed healthcare settings. Local spatial patterns of vital sign sequences were learned in
convolutional layers and the temporal dependencies of both directions were represented in the forward and
backward directions by the bidirectional LSTM layers. It is with federated learning that model training is achieved
across several edge devices without exchanging raw data of patients. Rather, the model updates were only
aggregated in the central server, which guaranteed protection of data. Individual and personal fine-tuning further
changed the global model to patient-specifics ensuring that the accuracy of prediction is better and that privacy laws
of healthcare are adhered to personalized learning.

CNN feature extraction is defined as:
fi = ReLUW, * x; + b,)

BiLSTM forward and backward states are:

hy = LSTM(x,, hij_1y)

hi = LSTM(x¢, hiz,1;)
Combined BiLSTM representation is:
he = [he'[he (]
Local model update is:
Or = 6 — NV

Global aggregation using Federated Averaging:

Ny
This approach ensures personalization while maintaining data confidentiality.
Algorithm 3 Federated Personalized Inference Framework

1: Initialize global model parameters w°

2: for each communication round t do

11



3:  Broadcast global model w! to all edge devices

4: for each device k in parallel do

5: Update local model using local dataset D_k
6: Compute local gradient VL_k(w!)

7: Send updated model w_k**! to server

8: end for

Aggregate local models using weighted averaging
10: Update global model wt*!
11: end for
12: Fine-tune personalized layers for each device

13: return personalized models w_k*

6. Result Analysis

Table 2 shows a detailed comparison of the classification performance of the traditional deep learning
architecture and the suggested Al-driven Cyber-Physical Healthcare System (AI-CPHS). The findings illustrate a
steady rise in any evaluation measure with an increase of model complexity and intelligence. The CNN baseline has
an accuracy of 90.6, which is a decent level of spatial feature extraction of physiological data, though its temporal
modeling capacity is low, which leads to low sensitivity and F1-score.

Table 2. Overall Classification Performance Comparison

Model Accuracy Sensitivity Specificity F1-Score
(%) (%) (%) (“e)
CNN 90.6 88.2 91.4 89.1
LSTM 92.1 90.3 92.6 91.2
CNN-BiLSTM 94.3 92.4 94.9 93.1
Proposed AI-CPHS 97.4 95.1 97.9 96.2
(TFT+GNN+FL-CNN-BILSTM)

The sensitivity and overall accuracy of the LSTM model are enhanced as the time variations are taken into
consideration, which is why the LSTM model suits this sequential analysis of vital signs. Additional improvement is
seen with CNNBrLSTM model, which integrates spatial feature extraction and bidirectional temporal learning,
which attain 94.3% accuracy and better specificity. The suggested AI-CPHS framework is much better than all the
baselines, with the highest accuracy (97.4%), sensitivity (95.1%), specificity (97.9%), and Fl-score (96.2%). In
comparison between the prediction accuracy of CNN (90.6%), LSTM (92.1), and CNN-BiLSTM models, and the
proposed AI-CPHS model (97.4), the figure 4 shows that the model has a better learning ability and is more effective
in fusing the features and predicting the results in the healthcare monitoring systems.

12



Accuracy (%)

80 -
60
40+
20+

LSTM CNN-BiLSTM Proposad Al-CPHS
(TFT+GNN+FL-CNN-BILSTM)

Accuracy (%)

o

Model

Figure 4. Comparative Accuracy Analysis of Deep Learning Models for CPHS Prediction

This performance boost is due to the combination of Temporal Fusion Transformer to long term trend
forecasting, Graph Neural Networks to model physiological dependency, and federated CNN-BiLSTM to make
individual predictions. High sensitivity means that it is better at detecting severe health events, whereas high
specificity is a decrease in false alerts. These findings prove the fact that multi-model fusion and context-based
learning can significantly increase diagnostic reliability in continuous monitoring systems in healthcare. Figure 5
shows that the proposed AI-CPHS constantly performs better than the baseline models in terms of accuracy,

sensitivity, specificity, and F1-score, which proves that it is more predictively reliable in continuous monitoring of
vital signs.
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Figure 5. Comparative Classification Performance of CNN, LSTM, CNN-BiLSTM, and Proposed AI-CPHS
Model

High number of false alarms may cause clinicians to be overwhelmed and distrust the automated systems, and
develop alarm fatigue. Base CNN has a considerably large false alarm rate of 14.8 indicating its low level of
contextual sensitivity and high vulnerability to noise and physiological variability as demonstrated in table 3. LSTM
model decreases false alarms by 17.6, and it enjoys the effects of temporal smoothing and sequence learning. The

CNN-BiLSTM model achieves a larger decrease to reduce the false alarm rate to 9.4% (and this is improved by 36.5
percent compared to the baseline).

Table 3. False Alarm Rate and Reduction Analysis

Model False Alarm Rate (%) Reduction vs Baseline (%)
CNN (Baseline) 14.8 —

LSTM 12.2 17.6
CNN-BiLSTM 9.4 36.5
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Proposed AI-CPHS 9.2 38.0

The lowest false alarm rate of 9.2 is obtained with the proposed AI-CPHS, which is a 38 percent decrease.
This is due to several reasons: the graph-based modeling is more accurate in capturing inter-vital dependencies, self-
adaptive learning minimizes the misclassification of benign fluctuations and federated personalization adjusts the
decision-boundary to the individual patient. Any decrease in false alarms, even slight, will be clinically meaningful,
because it will have a direct effect on the workload of the clinicians and patients as well. The findings show that Al-
CPHS is more reliable and consistent with alerts and is therefore more applicable in the area of constant monitoring
in smart hospitals and remote care centers. The comparison of the false alarm rate of CNN, LSTM, CNN-BiLSTM,
and the proposed model based on artificial intelligence and computer-assisted homicide (AI-CPHS) is presented in
Figure 6. The model proposed has the lowest false alarm rate (9.2) and the highest reduction (38%), which is more
reliable, accurate, and strong in the intelligent healthcare monitoring systems.
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Figure 6. False Alarm Rate and Reduction Comparison across Deep Learning Models

Table 4 compares inference latency and edge suitability, with the key focus on real-time responsiveness,
which is one of the core preconditions of cyber-physical healthcare system. The CNN model has the shortest latency
(28 ms) indicating that it is computationally simple, however at the expense of lower accuracy and contextual
interpretation. The LSTM model has increased latency (46 ms) relative to unidirectional processing and CNN-
BiLSTM increases the inference time compared to the LSTM model (61 ms) because of the bidirectional temporal
modeling. Moderate latency (54 ms) is also observed in the standalone Temporal Fusion Transformer as attention
mechanisms also present extra computational costs.

Table 4. Edge-Layer Latency and Computational Efficiency

Model Avg. Inference Latency (ms)
CNN 28
LSTM 46
CNN-BiLSTM 61
TFT (Standalone) 54
Proposed AI-CPHS (Edge Optimized) 42

The stability and reliability findings (reflect in Table 5) indicate that there is a clear performance trend of the
traditional CNN and CNN -BiLSTM models to the proposed AI-CPHS framework. The stability of prediction is
noticeably higher and is at 97.1 demonstrating high level of consistency when it comes to providing outputs in the
context of continuous monitoring. The decrease in critical event misses to 2.1 per cent. indicates the increased
capability of early-warning, which is essential in the area of patient safety in real-time healthcare systems. Also, the
noise resistance builds to 96.4 and is very resistant to sensor artifact and physiological noise. Multimodal data
fusion, physiological dependency modeling, and learning adaptation are the major reasons behind these advances. In
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general, the results validate the idea that AI-CPHS has a higher level of reliability and strength, which predetermines
its use in the safety-critical cyber-physical healthcare environment.
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Figure 7. Average Inference Latency Comparison across Deep Learning Models

Figure 7 shows the mean inference time of CNN (28 ms), LSTM (46 ms), CNN-BiLSTM (61 ms), TFT
standalone (54 ms) and the proposed AI-CPHS edge-optimized model (42 ms). The findings suggest a better
computational efficiency in which the proposed architecture trades prediction efficiency and minimized latency in
applications of real-time healthcare monitoring.

Table 5. Reliability and Stability Metrics

Metric CNN CNN-BILSTM Proposed AI-CPHS
Prediction Stability (%) 89.5 93.2 97.1
Missed Critical Events (%) 7.8 4.6 2.1
Robustness to Noise (%) 85.3 91.7 96.4

100 <

Performance Value

A o
‘aﬁ\\""" o wos® v

ot
i
pre

W CNN s CHN-BILSTM  mem Propesed Al-CPHS

Figure 8. Prediction Stability and Noise Robustness Comparison of Deep Learning Models

The figure 8 is represent that the proposed AI-CPHS outperforms CNN and CNNBI-LSTM in terms of
stability and resistance to noise in prediction, which proves the reliability of the proposed model in performing
under noisy and real-world monitoring conditions. Also, the total score of clinical confidence increases to 4.6 which
means more confidence and usability by a practitioner. These findings prove that AI-CPHS improves technology
performance and clinical workflow efficiency in intelligent hospital and remote care settings. The weak linear
relations between respiratory rate and heart rate, age, BMI, and oxygen saturation are indicated in the figure 9 thus
independence, hence multivariate modeling methods. High-risk classification with small false positives and false
negatives is indicated in the figure 10 showing the significant discriminative ability and high reliability in
identifying the high-risk and low-risk patient conditions.
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Figure 9. Scatter Analysis of Respiratory Rate Relationships with Physiological and Demographic Variables
with using proposed model

The results of the clinical decision support (Table 6) show that the proposed AI-CPHS has substantial
practical advantages when compared to the traditional deep learning methods. The result of early warning detection
increases by 96.3 percent so that clinicians can detect the deterioration of patients at earlier stages. Precision in
alarms goes up by 10% and this greatly decreases false alarms and the risk of alarm fatigue is reduced. The response
time of clinicians is reduced by 36 percent, which is a faster interpretation and response possible due to correct and
prompt alerts.

Table 6. Clinical Decision Support Impact Analysis

Evaluation Parameter Conventional Proposed AI- Improvement
DL CPHS (%)
Early Warning Detection Rate (%) 88.9 96.3 83
Alarm Precision (%) 86.1 94.7 10.0
Clinician Response Time (s) 18.6 11.9 36.0
Overall Clinical Confidence Score 3.7 4.6 243
(1-5)
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Figure 10. Proposed model confusion Matrix
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7. Discussion

7.1 Interpretation of Experimental Results

The experimental findings prove that, the suggested Al-controlled Cyber-Physical Healthcare System (Al-
CPHS) has a high and consistent performance in terms of accuracy, sensitivity, false alarm rate, latency, and
reliability. Temporal Fusion Transformer allows successful long-term vital trend prediction and Graph Neural
Networks can learn physiological dependencies that signal analysis does not consider. The CNN-BiLSTM based on
federated learning improves personalization without violating the privacy of patients. The fact that missed critical
events and false alarms are reduced shows that the decision boundaries are better, and that the decision process is
robust to noise. Notably, edge layer real-time inference within 42 ms can confirm the fact that it is possible to have
an advanced intelligence without compromising responsiveness. In general, the findings confirm the efficacy of
multi-model fusion and edge-cloud cooperation in the field of constant healthcare monitoring.

7.2 Clinical Importance and Implementation Viability

Clinically speaking, the proposed AI-CPHS will solve the main problems of real-world healthcare settings,
such as alarm fatigue, delayed response, and data privacy issues. Better patient safety and clinician confidence
through better early warning detection and alarm accuracy, and shorter response time through reduced response
time, as opposed to worse to better. Low latency operation and ability to work at the edge makes the system relevant
to be deployed in smart hospitals, intensive care units and remote patient monitoring environments. The federated
learning can guarantee the adherence to the rules of data protection as it does not presuppose the central data
sharing. Moreover, modular architecture will enable easy interoperability with an existing electronic health record,
wearable devices with the system that can be expanded and deployed in a cost-effective way across various
healthcare infrastructure.

7.3 Benefits over Current Al-Based Healthcare CPS

The proposed framework has a number of unique benefits in comparison with the current Al-based healthcare
CPS. In comparison with single-model estimators, AI-CPHS uses an integrated forecasting, relational modeling, and
personal inference, which leads to higher accuracy and strength. Federated learning also improves scalability in
institutions and simultaneously keeps privacy intact, a weakness in most centralized systems. Secondly, there is
optimized edge deployment that guarantees real time responsiveness that is frequent with cloud-dependent solutions.
The fact that the system reduces the number of false alarms and missed events is another factor that makes the
system even a better and more practical and easy to use by the clinician as the performance is no longer based only
on the algorithms but the operations the system is based on.

7.4 Limitations of the Proposed System

The proposed AI-CPHS also has limitations even though it has many positive elements. The combination of
various advanced models enhances the complexity of the system and it must be properly orchestrated to ensure
efficiency. Even though the edge latency is not excessive to be in the industry of real-time constraints, resource-
limited devices can still struggle without hardware acceleration. The experimental analysis is based on experimental
physiological databases, which might not represent all the population diversities and uncommon clinical
occurrences. Moreover, as federated learning enhances privacy, it creates communication overheads and possible
convergence variability among sites. Subsequent research ought to be done with large-scale clinical validation,
model compression, and longer testing with heterogeneous patient groups to enhance the practicality of real-world
implementation.

8. Conclusion

This paper has introduced an Al-powered cyber-physical healthcare system to ensure round-the-clock,
intelligent, and privacy-conscious patient monitoring. The experimental analysis has proved that the proposed
framework was much better compared to traditional deep learning methods in the classification accuracy, sensitivity,
false alarm rate, latency and reliability. The system successfully utilized Temporal Fusion Transformer to forecast
the long-term vital trends and Graph Neural Network to capture the physiological interdependencies of a specific
body and a federated CNN-BIiLSTM to provide personalized prediction with a low-latency edge-, thus
demonstrating high diagnostic accuracy and at the same time real-time edge-level responsiveness. The improvement
in robustness and clinical reliability in the presence of dynamic monitoring conditions was based on the observed
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decrease in missed critical events and false alarms. The study added a multi-model framework of research, which
propelled Al-based cyber-physical healthcare systems by overcoming major constraints of other current solutions. In
particular, it integrated explainable forecasting, relational physiological modeling, as well as privacy-preserving
learning on a scalable edge-cloud platform. The addition of federated learning allowed adhering to the needs of data
privacy and assisted in collaborative intelligence in distributed healthcare settings. Moreover, the optimized edge
deployment showed that real-time performance could be maintained and the advanced analytical features could be
achieved. The proposed Al-based cyber-physical healthcare system was effective in the context of the continuous
and smart monitoring of patients in smart hospitals and in case of remote care. The outcomes revealed that
utilization of sophisticated Al models in the cyber-physical systems improved clinical decision support, patient
safety, and timely interventions. This paper laid a solid ground to the intelligent healthcare monitoring systems of
the next generation.
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