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Abstract

Real-time decision-making in smart surveillance and traffic management systems requires efficient coordination between visual detection
components and wireless sensor networks. In this context, the authors propose an integrated simulation framework that connects YOLO-
YOLO-YOLO-RTLite-based object detection with a wireless sensor network. The WSN is simulated in OMNeT++, using MQTT as the
communication protocol for sending alerts. The system is meant for curved or blind road sections. It uses an object detector on one side
to warn vehicles on the other side about oncoming hazards. The framework is evaluated based on metrics such as end-to-end delay,
throughput, system stability, and alert reliability. Results confirm the system’s ability to function consistently under real-time constraints.
A significant contribution of this work is the novel integration of live visual input from YOLO with OMNeT++ simulations, enabling
event-driven behavior in WSN triggered by actual object detections.
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1. Introduction

Wireless Sensor Networks (WSN) play an important role in real-time monitoring and alert systems. They are especially useful in safety-
related areas like road safety. With the rise of deep learning, it's now possible to combine object detection models like YOLO with WSN
to improve hazard detection and warning systems.

This work focuses on integrating a lightweight object detection model, YOLO-RTLite, into a WSN using the OMNeT++ simulation
framework. YOLO-RTLite is an optimized version of YOLOv4-Tiny. It includes changes like a spatial convolutional layer and updated
route layers. The model is also accelerated using TensorRT to support real-time use.

YOLO-RTLite is used to detect objects such as vehicles, animals, or pedestrians. Once detected, alerts are sent using the MQTT protocol
to nodes within the simulated WSN. The simulation helps evaluate how these alerts travel across the network under different settings.
This setup is designed to support road safety at blind turns and curved paths, where one node detects the object and another alerts the
driver. The system helps model real-world safety scenarios and shows how vision-based detection can work together with network simu-
lations for better accident prevention and faster response.

1.1. Related Work

The integration of YOLO-based object detection with Wireless Sensor Networks (WSN) is increasingly explored to develop intelligent,
responsive, and scalable systems for road safety. YOLO’s real-time detection capability is complemented by the distributed communica-
tion and sensing infrastructure of WSN, enabling end-to-end safety solutions across diverse environments. In [1], the SmartDENMA
system combined YOLO-based detection with V2X communication through Decentralized Environmental Notification Messages
(DENMs) to improve pedestrian safety. Similarly, [2] encoded YOLO outputs into standardized formats for integration with intelligent
traffic systems. Thakur et al. [3] introduced a LEACH-YOLO-ResNet framework for forest fire detection, emphasizing hierarchical clus-
tering and energy-efficient communication. While effective for large-scale monitoring, this approach focused mainly on energy conserva-
tion and did not directly optimize real-time delay. In contrast, our YOLO-RTLite-OMNeT++ framework achieves an average end-to-end
delay of ~110 ms, making it suitable for time-critical road safety applications.

Other domain-specific applications have also been explored. For example, [6] presented a YOLO-based model integrated with sensor
nodes for aiding visually impaired individuals, and [7] proposed a wireless sensor network—based framework for area-based speed con-
trol and traffic monitoring to enhance road safety. Standard WSN protocols such as IEEE 802.15.4 and LoRaWAN have been used with
YOLO in [8] to enable low-power traffic control, while [9] reported VANET-based systems where YOLO and WSN jointly supported
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emergency vehicle safety. Edge-based deployments of YOLO were studied in [10], showing how local inference can reduce delay. How-
ever, such systems were limited in scalability to a multi-hop WSN. Our integration with OMNeT++ overcomes this by simulating multi-
hop routing (2-3 hops) while retaining real-time responsiveness. Similarly, Akash et al. [11] developed a YOLO-based collision avoid-
ance system with distance estimation, demonstrating high detection reliability. Their work, however, was tailored to a fixed vehicular
scenario, whereas our system leverages MQTT as a publish—subscribe bridge, ensuring modularity and reuse across different WSN to-
pologies, such as curved-road hazard alerts or animal crossing detection.

Lightweight YOLO variants optimized through pruning and structural modifications were explored in [12] and [13], targeting deploy-
ment on resource-constrained devices. While these works focused on architectural optimization, our contribution emphasizes full system-
level integration of vision, communication, and simulation. Advanced studies such as ESRGAN-YOLO integration [14] and UAV-based
pothole detection [15] illustrate the breadth of YOLO applications but remain distinct from our focus on modular, low-delay WSN-
driven road safety.

2. System Architecture The Architecture Comprises Three Core Modules

YOLO Detection Module: A Python-based script uses YOLO-RTLite to detect objects from video input and generates alert messages
including class, confidence, and timestamps. Detection occurs continuously across video frames, and alert messages are published when
predefined object classes such as cars, buses, or pedestrians are identified.

MQTT Communication Bridge: A Mosquitto MQTT broker is deployed locally to ensure low-delay communication between the detec-
tion module and the simulated WSN. MQTT is a lightweight messaging protocol that enables fast, publish—subscribe communication
between detection modules and network nodes. Each alert message is published on a specific topic (e.g., road/alert) and immediately
becomes available to subscribed nodes in OMNeT++.

OMNeT++ WSN Simulation: OMNeT++ simulates a wireless sensor network with nodes arranged to model a roadside sensor deploy-
ment. A custom YoloListener node subscribes to the MQTT topic, receives incoming alerts, and forwards them across the WSN. The
network simulates a multi-hop routing scenario with 2—3 hops between the entry node and the gateway. Alerts are visualized, logged, and
timestamped to enable performance evaluation.
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The overall workflow of the system is illustrated in Figure 1. The block diagram shows how the YOLO-RTLite detection module pro-
cesses video frames and generates alerts, which are transmitted through MQTT. These alerts are then passed into the OMNeT++ simula-
tion, where they initiate corresponding network-level events, enabling evaluation of performance parameters such as delay and through-
put.

3. Implementation Details

The system consists of a modular pipeline integrating a YOLO-based Python detection module with a simulated OMNeT++ WSN via
MQTT. Below is a detailed step-by-step overview of how the system operates from video input to in-simulation packet generation.

Step 1: Object Detection Using YOLO-RTLite

A Python script (detect_alert.py) loads the YOLO-RTLite model using OpenCV and PyTorch. It processes a video stream frame-by-
frame, applying object detection in real time. When predefined classes such as person, car, or bicycle are detected with confidence great-
er than 0.5, the script generates a structured alert.

Step 2: Alert Generation and Publishing over MQTT

Detected object data is packaged in a JSON format containing fields such as class, confidence, and timestamp. The script publishes these
alerts to a local MQTT broker (Mosquitto) on the topic yolo/alerts using the paho-mgqtt client. This decouples the detection layer from the
simulation environment.

Step 3: MQTT Subscription and OMNeT++ Integration

A custom OMNeT++ simulation module named YoloListener (defined in both NED and C++) is subscribed to the MQTT topic. It acts as
an entry point for alerts into the simulated WSN. Upon receiving a message, the module parses the content and injects it as a cMessage
into the simulation for further processing.

Step 4: In-Network Alert Propagation in OMNeT++

The simulated WSN (defined in your network.ned) includes multiple static nodes connected in a 2—3 hop topology. Upon receiving an
alert, the listener node forwards it to neighboring nodes based on preconfigured routing logic. This mimics real-world alert propagation
in roadside sensor deployments.

Step 5: Performance Logging and Analysis

Each alert’s arrival time is logged and compared against its original timestamp to compute metrics such as end-to-end delay, throughput,
and jitter. Logs are exported for further analysis and visualization. The core pipeline of the proposed system is summarized below in
pseudocode. It captures the end-to-end workflow from object detection using YOLO-RTLite, publishing alerts via MQTT, receiving
them in OMNeT++ through a custom listener module, and forwarding them across the simulated WSN.

// YOLO-RTLite Python Detection Module

function main():

load YOLO-RTLite model using config and weights
open video stream

while video has frames:
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frame «— read next frame
detections «— detect_objects(frame)
for each detection in detections:

if confidence > threshold:

alert « {

"class": detected class,
"confidence": confidence score,
"timestamp": current_time()

publish_to_mgqtt(topic="yolo/alerts", message=alert)
close video stream

disconnect MQTT

// OMNeT++ MQTT Subscriber Module (YoloListener)
on initialize():

broker « read parameter("mqttBroker")

port < read_parameter("mgqttPort")

topic «— "yolo/alerts"

mgqtt client «— connect_to_broker(broker, port)
subscribe(mgqtt_client, topic)

on message received(message):

alert < parse_JSON(message)

packet «— create_cMessage from(alert)
send(packet, output_gate)

on finish():

disconnect mqtt client

// OMNeT++ WSN Simulation Logic

on cMessage arrival at node:

if node is not a gateway:

forward(packet) to next_hop

else:

log timestamp, compute delay

4. Performance Evaluation

Timestamps were collected from the Python script and OMNeT++ subscriber node to evaluate performance.

Table 1: System Performance Parameters

Parameter Value Description

Total Alerts Processed 33 alerts Received during simulation
System Duration ~1.1 seconds Time from first to last alert

Alert Delivery Delay 100-120 ms From detection to WSN reception
Average Delay 110 ms Mean delay across all alerts

Alert Rate ~30 alerts/second Based on alert frequency
Throughput ~30 messages/second Equal to alert rate

Packet Delivery Ratio 100% No loss observed

Packet Loss 0% No message drop

Network Path Length 2-3 hops From MQTT entry to WSN gateway
Delay Variation (Jitter) +10 ms Minor variance across alerts

Table 2: Alert Reception and Delay Metrics

Receive Timestamp

Sr No. Class Confidence Detection to Reception Delay (ms)

(UNIX)
1 person 0.93 1751031955.953714 100
2 car 0.72 1751031955.954223 100
3 bike 0.83 175101959.954223 110
4 bus 0.62 1751031957.048453 120

Figure 2 shows a snapshot of the OMNeT++ simulation running alongside the YOLO-RTLite detection module. The video demonstrates
how detected objects generate alerts, which are immediately published via MQTT and displayed in the simulation. This confirms the
real-time integration of vision-based detection with the network environment.
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Fig. 2: Snapsilot of the Simulation on OMNeT++.
5. Novel Contributions

Live vision-to-network integration: This work presents the first integration of a live object detection module (YOLO-RTLite) with OM-
NeT++ WSN simulation using MQTT as the bridge. It enables a hybrid simulation environment where real-time events from the percep-
tion layer directly influence the behavior of network nodes.

Event-driven simulation using visual data: Unlike traditional WSN simulations that rely on synthetic data or traffic models, this system
triggers network events based on actual video frame analysis, providing realism and relevance to road safety scenarios.

End-to-end real-time pipeline: The system achieves real-time performance (delay < 120 ms) across the full pipeline: video frame capture,
object detection, alert publication, WSN message routing, and reception.

Reusable architecture: The modularity of the pipeline allows it to be extended to various other applications, such as animal crossing de-
tection, autonomous vehicle alert systems, and environmental hazard monitoring.

Foundation for digital twin simulation: The architecture and implementation methodology serve as a foundational step toward building a
full digital twin for road infrastructure, where virtual systems mimic real-world input-output behavior using live or recorded data
streams.

6. Limitations

This study demonstrates the integration of YOLO-RTLite with a simulated WSN, but several constraints remain. The simulation was
restricted to the application and network layers and did not include physical layer aspects such as signal attenuation, interference, or fad-
ing. These omissions limit the ability to capture communication uncertainties that often affect real deployments. Incorporating such mod-
els in future work would allow a more realistic assessment of performance.

The network topology used in the experiments was static and small in scale. While sufficient for testing feasibility, it does not represent
dynamic conditions such as node mobility, varying density, or congestion. Extending the system to support adaptive routing and dynamic
topologies would provide better insight into scalability and robustness.

In the current setup, YOLO-RTLite runs externally and transmits alerts into OMNeT++ through MQTT. This simplifies the design but
does not reflect the energy cost of running detection directly on sensor nodes. Future work could examine energy-efficient deployment of
lightweight YOLO variants within sensor hardware to balance detection accuracy with node lifetime.

Finally, resilience factors such as packet drops, node failures, and malicious activity were not considered. Evaluating the system under
these conditions will be essential to verify its suitability for safety-critical road applications.

7. Conclusion and Future Directions

This work demonstrates a novel simulation-based system that integrates computer vision, real-time messaging, and network simulation.
The system successfully delivers real-time alerts with high reliability and minimal delay, making it suitable for intelligent transportation
and safety monitoring systems. Future work will include dynamic WSN topologies, failure injection, and digital twin implementation for
predictive simulations. The following are the major areas that make room for future research and study.

7.1. Optimizing MQTT for Congested Networks

Future work should investigate how MQTT performs under heavy traffic conditions in dense WSNs. Questions include whether adaptive
quality-of-service or priority-based message handling can guarantee the timely delivery of safety-critical alerts.

7.2. Adaptive Routing Protocols in Dynamic Topologies

A key research direction is exploring adaptive routing methods that account for node mobility, failures, or variable density while main-
taining strict delay constraints. Integrating Al-driven or reinforcement learning—based routing into OMNeT++ could improve scalability
and resilience.

7.3. Energy-Aware Deployment of Detection Models

Further studies could examine lightweight YOLO variants running directly on sensor nodes, balancing detection accuracy with energy
consumption. Research should focus on combining model pruning or quantization with duty-cycling strategies to extend node lifetime.
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7.4. Resilience and Security in Safety-Critical Scenarios

The framework should be tested under adverse conditions such as packet loss, node compromise, or malicious activity. Future work may
explore cryptographic or trust-based mechanisms to ensure secure and reliable alert delivery.

7.5. Toward Digital Twin Integration

An important step forward is extending this pipeline into a digital twin framework, combining live detection data with predictive simula-
tions. This would allow proactive evaluation of system behavior under scenarios such as sudden congestion or multi-vehicle collisions.
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