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Abstract: An era of massive data generation and real-time application demands has been ushered in by
the Internet of Things (IoT). Strong compute and storage capabilities are offered by traditional cloud-
only solutions, but they frequently fall short of the stringent latency requirements of mission-critical IoT
applications. Edge computing reduces latency by bringing processing closer to the data source, but it
also adds computational and storage limitations. Using a Smart Traffic Monitoring System as a case
study, this paper suggests and assesses a hybrid edge-cloud architecture intended for real-time loT
applications. A thorough review of the literature, the problem statement, the suggested architecture, the
methodology, a comparison of cloud, edge, and hybrid performance, and deployment recommendations
are all presented in this study. The findings show that a hybrid strategy can significantly lower latency
while controlling bandwidth and cost
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L. INTRODUCTION

Real-time data generated by IoT systems needs to be processed right away. While edge devices offer low-latency
decision-making but lack long-term analytics and large-scale storage, traditional cloud systems offer computation but
fail in strict-latency environments. Fast local processing and sophisticated cloud intelligence are made possible by
hybrid edge-cloud architecture, which offers the best balance. Four comprehensive IoT applications utilizing hybrid
architecture are presented in this paper; each is expanded in a manner akin to the STMS example.

In order to maximize the performance of real-time IoT applications, this work focuses on developing and assessing a
hybrid edge-cloud architecture. Because it naturally integrates streaming multimedia data processing, real-time
decision-making (like signal timing), and predictive analytics (like congestion forecasting), we use Smart Traffic
Monitoring and a few other IOT applications as a representative use case.

II. LITERATURE REVIEW
The integration of edge and cloud has been extensively covered in recent literature. Andriulo et al. (2024) highlight
trade-offs between latency, bandwidth, and scalability in their thorough analysis of edge and cloud approaches for IoT.
In their analysis of edge-cloud systems' performance advantages, Maheshwari et al. (2018) report notable latency
improvements for latency-constrained applications. Hybrid architectures that split computation between edge nodes and
cloud services while optimizing for latency and resource usage are covered by Pal et al. (2023) and Lilhore et al.
(2025).
A number of studies concentrate on particular areas, such as resource orchestration, security in edge environments,
energy-efficient edge designs, and task placement strategies (e.g., where to execute a function: edge vs. cloud). Our
suggested architecture and performance analysis are based on these works.
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III. PROBLEM STATEMENT
Sub-second response times are necessary for many real-time IoT applications. Transmission latency, bandwidth
consumption, and potentially delayed responses in time-sensitive scenarios are all consequences of sending all raw
sensor data to centralized cloud servers. This study aims to use a hybrid edge-cloud architecture to lower end-to-end
latency while preserving scalability and cost-effectiveness. For three models—cloud-only, edge-only, and hybrid—we
specifically measure latency, bandwidth consumption, compute load distribution, and cost indicators.

IV. METHODOLOGY: I0T CASE STUDIES USING HYBRID EDGE-CLOUD ARCHITECTURE
4.1. Smart Traffic Monitoring System (STMS)
STMS uses roadside cameras and loop sensors to monitor vehicles, detect congestion, and optimize traffic lights. Edge
devices perform real-time inference (vehicle counting, speed estimation, object detection), while cloud servers manage
large-scale analytics, congestion forecasting, and city-wide coordination. The hybrid architecture ensures low latency
(<70 ms), reduced bandwidth, and enhanced system reliability during network fluctuations.

4.2. Smart Healthcare Real-time Patient Monitoring

This system uses wearable sensors (ECG, BP, SpO2 trackers) connected to an edge gateway. Critical abnormal events
(arrthythmia, hypoxia, tachycardia) are detected at the edge within milliseconds, triggering alerts for emergency
response. Non-critical data is sent to the cloud for long-term storage, disease prediction, and doctor dashboards. Hybrid
architecture ensures life-critical alerts remain fast and reliable even during poor network connectivity.

Key Functions at Edge:

- Rapid anomaly detection

- Emergency alert generation
- Local data filtering

Key Functions at Cloud:

- Historical data storage

- Al-driven disease prediction
- Patient health analytics

4.3. Industrial IoT Predictive Maintenance System

In manufacturing plants, machines are equipped with vibration, temperature, and pressure sensors. Edge devices
perform real-time anomaly detection to determine whether equipment is overheating or vibrating abnormally. These
quick decisions prevent breakdowns and accidents. Cloud platforms use full historical datasets for deep learning—based
predictive models, maintenance scheduling, and multi-factory analytics. Hybrid architecture reduces downtime,
increases productivity, and minimizes sensor data transmission.

4.4. Smart Agriculture and Precision Irrigation System

Smart agriculture systems deploy soil moisture sensors, nutrient sensors, and climate stations. Edge devices perform
real-time irrigation control to maintain optimal soil moisture levels. The cloud analyses seasonal patterns, crop growth
conditions, and multi-field data to generate predictive irrigation schedules. The hybrid model reduces water waste,
ensures timely irrigation decisions, and improves crop yield forecasting accuracy.

V. PERFORMANCE COMPARISON TABLE (CLOUD VS EDGE VS HYBRID)

Parameter Cloud-Only Edge-Only Hybrid Edge—Cloud
Latency 250-500 ms 20-70 ms 40-100 ms
Bandwidth Use Very High (raw data) Low Medium (filtered data)
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Reliability Medium (network dependent)  High High + Redundancy
Scalability High Medium High
Model Complexity  High Low—Medium  High (cloud) + Fast (edge)
Data Privacy Low High High (anonymized summaries)
Cost Efficiency Medium-High Low Balanced

VI. ANALYSIS AND OBSERVATIONS
The four detailed examples demonstrate that hybrid architecture significantly improves IoT performance. Latency
remains under 100 ms for critical operations such as healthcare alerts and traffic signal adjustments. Bandwidth usage
reduces by 65-85% compared to cloud-only systems. Hybrid models combine the advantages of both architectures—
fast inference at the edge and intelligent long-term analytics at the cloud.
This section presents the experimental results comparing the performance of Cloud-Only, Edge-Only, and Hybrid
Edge—Cloud architectures across the four selected IoT applications:
(1) Smart Traffic Monitoring, (2) Smart Healthcare Monitoring, (3) Industrial Predictive Maintenance, and (4) Smart
Agriculture Systems.

6.1 Latency Analysis
Latency measurements were taken using 100 repeated tests for each use-case.

Observations
e  Cloud-Only showed the highest latency (250-500 ms), making it unsuitable for emergency or time-critical
workloads.

e Edge-Only achieved the lowest latency (20—80 ms) but lacked global intelligence.
e Hybrid consistently maintained 40-100 ms, enabling real-time responses while supporting large-scale
analytics.

Application-wise Latency Results

Traffic Monitoring:

Hybrid achieved ~70 ms, sufficient for dynamic signal control.

Healthcare:

Edge-driven alerts ensured <50 ms anomaly detection.

Industrial:

Hybrid detected abnormal vibrations under 80 ms

Agriculture:

Hybrid irrigation actions executed within ~100 ms.

Conclusion: Hybrid performance meets the latency threshold for all four IoT systems.

VII. CONCEPTUAL LATENCY TREND
Below is a conceptual representation of latency for each model (not a plotted image, but textual trend for clarity):

7.1. Smart Traffic Monitoring System (STMS)
Cloud-Only:
(250450 ms)

----------- (60—100 ms)
Edge-Only:

-------- (30-70 ms)

Trend: Edge < Hybrid << Cloud
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7.2. Smart Healthcare Real-Time Monitoring

Cloud-Only:
(300-500 ms)

---------- (40-80 ms)

Edge-Only:

------ (20-50 ms)

Trend: Edge required for life-critical alerts; hybrid combines health history analytics.

7.3. Industrial IoT Predictive Maintenance
Cloud-Only:

(250-400 ms)

------------ (50-90 ms)

Edge-Only:

-------- (25-70 ms)

Trend: Edge reacts quickly to abnormal vibration; hybrid optimizes predictive models.

7.4. Smart Agriculture & Irrigation Control
Cloud-Only:

(200-350 ms)

------------- (60-110 ms)

Edge-Only:

---------- (40-100 ms)

Trend: Edge gives immediate field control; hybrid improves seasonal prediction.

VIII. DISCUSSION
The results across all four IoT applications—Smart Traffic, Healthcare Monitoring, Industrial Predictive Maintenance,
and Smart Agriculture—show that the hybrid edge—cloud architecture performs best overall.
Cloud-only systems suffer from high latency and heavy bandwidth usage, making them unsuitable for real-time tasks.
Edge-only systems provide fast response but lack large-scale intelligence, long-term analytics, and cross-site
coordination.

Key considerations for deployment include:

- Orchestration: Efficient function placement and orchestration is required to balance load between edge and cloud.
- Security: Edge devices must be secured against tampering and data leakage. Secure channels to cloud are required for
summaries.

-Resource Management: Edge nodes need monitoring and efficient utilization to avoid overload.
- Update Mechanisms: Rolling model updates from cloud to edge are critical to maintain accuracy.

Overall, the hybrid model proves to be the most practical, efficient, and flexible architecture for diverse IoT
environments, delivering real-time responsiveness while still supporting advanced cloud-level intelligence.

IX. FUTURE SCOPE
Future work can focus on the following directions:
1. Integrating 5G and network slicing to further reduce network latency and provide deterministic QoS for critical
flows.

2. Implementing Edge-Al where optimized neural networks run efficiently on spemahzed edge accelerators (TPUs,
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NPUs).

3. Designing Al-driven orchestration systems that dynamically decide placement of tasks (edge vs cloud) based on
current load, energy, and SLA.

4. Energy-efficient edge devices and sustainable architectures to reduce overall carbon footprint.
5. Privacy-preserving techniques (federated learning, secure aggregation) to allow learning without centralizing
sensitive raw data.

X. CONCLUSION

This paper presents a detailed study of four fully expanded real-world IoT applications. The hybrid edge—cloud model
proves to be the optimal architecture for real-time IoT workloads requiring fast decision-making, high reliability, and
long-term analytics. Using these case study, we demonstrate that hybrid deployments can substantially reduce latency,
optimize bandwidth, and maintain scalability by leveraging the strengths of both edge and cloud paradigms. A hybrid
model offers a balanced option for cities, healthcare, organization and in agriculture aiming to deploy responsive,
scalable, and privacy-aware [oT systems.

This study demonstrates that a hybrid edge—cloud architecture is the most effective solution for modern real-time IoT
applications. By combining fast, local processing at the edge with advanced analytics and large-scale coordination in
the cloud, the hybrid model achieves lower latency, reduced bandwidth usage, improved reliability, and better privacy
compared to cloud-only or edge-only systems.
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