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ABSTRACT

The rapid evolution of the Internet of Things (IoT) combined with modern web technologies has fundamentally transformed how industrial, environmental, and
healthcare systems monitor dynamic environments. Real-time monitoring systems require low-latency communication, scalable data ingestion, robust edge-to-
cloud integration, and intuitive user interfaces. This paper explores the architectural integration of IoT hardware protocols (e.g., MQTT, CoAP) with web
application frameworks (e.g., WebSocket, HTTP/2, WebRTC) to deliver end-to-end real-time capabilities. We analyze systemic communication bottlenecks, data

persistence strategies, and security paradigms, proposing a generalized end-to-end architecture optimized for latency, throughput, and system reliability.
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1. Introduction

Real-time monitoring systems are essential across diverse domains, including smart manufacturing (Industry 4.0), remote patient healthcare, smart grid
management, and environmental tracking. Traditional monitoring systems relied on localized, isolated SCADA (Supervisory Control and Data

Acquisition) setups that required proprietary hardware and offered limited remote access.
The convergence of IoT and Web Technologies bridges this gap:
®  JoT Hardware Layer: Captures physical states via sensors and converts them into digital payloads.
®  Web Layer: Serves as the global conduit for transmission, real-time streaming, aggregation, and human-computer interaction (HCI).

Achieving true "real-time" responsiveness over heterogeneous web networks presents challenges: managing high data throughput, minimizing end-to-
end transport latency, preserving battery power on edge node sensors, and protecting sensitive telemetry data in transit and at rest.

2. System Architecture Overview

A modern real-time [oT web-integrated architecture consists of four primary tiers:

+ + o+ +  + + o+ +

| Edge & Sensing | ---> | Communication/ |--->|Cloud/ Server |--->| Web Application |

| Layer | | Gateway Layer | |Processing Layer | |Presentation Layer |

| (Sensors, MCUs) | | (MQTT, CoAP,BLE)| |(Node.js, Kafka) | | (React, WebSockets)|
+ + o+ +  + + o+ +

2.1 Edge and Sensing Layer

Consists of microcontrollers (e.g., ESP32, STM32, Raspberry Pi) and sensors measuring physical metrics (temperature, vibration, pressure, biometrics).

Microcontrollers perform preliminary signal conditioning and analog-to-digital conversion (ADC).
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2.2 Gateway and Transport Layer

Translates light-weight sensor protocols (SPL, 12C, UART) into network payloads. Edge gateways aggregate local node data and transmit it over IP
networks using lightweight transport protocols optimized for low bandwidth and constrained power consumption.

2.3 Middleware and Cloud Ingestion Layer

Acts as the server backend responsible for broker operations (e.g., Eclipse Mosquitto, EMQX), protocol translation (MQTT to WebSocket), data
transformation, business logic execution, and message distribution via event streaming platforms (e.g., Apache Kafka, RabbitMQ).

2.4 Presentation Layer (Client Dashboard)

Delivers real-time telemetry rendering to end-users via progressive web applications (PWAs), web dashboards, or mobile client apps utilizing web
techniques like Canvas, WebGL, and reactive component frameworks (e.g., React, Vue.js).

3. Communication Protocols Comparison

Protocol Transport Model Overhead Typical Latency Ideal Use Case
Publish / Minimal (2-byte Resource-constrained

MQTT TCP . Low (10-50 ms) .
Subscribe header) IoT edge devices

Restricted low-power
Request / Ultra-low (UDP

CoAP UDP Extremely Low networks
Response based)
(6LoOWPAN)
. High (headers, Medium-High Static configuration,
HTTP/REST TCP Client / Server . .
text) (Request polling) non-real-time reads
Low (after initial Extremely Low
Full-Duplex Server-to-Browser
‘WebSockets TCP L HTTP (<10 ms local, . .
Bidirectional real-time streaming
handshake) <50 ms web)
High-bandwidth real-
. Ultra-low (<30 . . .
WebRTC UDP/TCP Peer-to-Peer Variable time video/audio

ms) .
streaming

4. Web-IoT Integration Strategies

\ INTEGRATION FLOW \

\ |

| [1oT Sensor ] --( MQTT / TCP )--> [ MQTT Broker ]

\ \ \

\ ( Internal Bridge / Bus )

\ v \

| [ Web Browser ] <--( WebSocket / WS )-- [ Node.js / Python API Gateway ] |

+ +
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Integrating constrained node protocols with standard web browsers requires bridging mechanisms because web browsers natively support
HTTP/HTTPS and WebSockets, but typically lack native, direct raw TCP/UDP socket access required for pure MQTT or CoAP.

Strategy A: MQTT-over-WebSockets (Direct Browser Connection)

MQTT brokers expose a WebSocket listener on a dedicated port (e.g., port 8083 or 8084 for secure WSS). The client web dashboard imports a library
like Paho JavaScript or MQTT.js to establish a direct WebSocket connection to the MQTT broker, parsing payloads straight into state models.

Strategy B: Backend Middleware / API Gateway Bridge

IoT nodes publish data to an internal MQTT/CoAP broker. A scalable backend service (e.g., Node.js, Python FastAPI, Go) subscribes to the broker
topics. Upon receiving messages, the service processes, sanitizes, and persists the payload into a database (e.g., TimescaleDB, InfluxDB) while
broadcasting the data frame over a WebSocket server (Socket.io or native ws) to all connected client web browsers.

5. Security, Scalability, and Latency Optimization
5.1 Security Strategies

®  Transport Layer Security: TLS 1.3 for MQTT (MQTTS) and HTTPS/WSS for web connections to enforce encryption in transit.

®  Identity and Authentication: Token-based authentication (JWT or X.509 client certificates) at both the edge-gateway and web-client
boundaries.

®  Data Privacy: Encrypting sensitive payload fields at the edge node before transmission (End-to-End Encryption).
5.2 System Scalability & Persistence
®  Time-Series Databases (TSDB): Using dedicated TSDBs like InfluxDB, Prometheus, or TimescaleDB optimized for high-write, time-

stamped loT ingestion rather than traditional relational SQL databases.

®  Horizontal Scaling: Deploying load balancers equipped with sticky sessions or Redis Pub/Sub channels to distribute WebSocket
connections across multiple server nodes.

5.3 Latency Optimization

e Edge Computing: Shifting threshold detection, data filtering, and anomaly detection to the edge hardware (reducing useless packet
transfers).

®  Payload Serialization: Utilizing compact binary serialization standards like Protocol Buffers (Protobuf) or MessagePack instead of
verbose JSON strings.

6. Real-World Case Studies
1.  Industrial Equipment Health Monitoring: Continuous monitoring of three-phase electric motor vibration and temperature using ESP32
edge nodes, MQTT, and a React + WebSockets dashboard to predict mechanical failure weeks before occurrence.

2. Precision Agriculture & Smart Greenhouse Control: Soil moisture and ambient humidity tracking using battery-powered LoORaWAN
nodes bridged to a web interface to automate dynamic irrigation scheduling.

7. Conclusion & Future Directions
The integration of IoT hardware protocols with web technologies creates responsive, intuitive real-time monitoring ecosystems. Future research and
development directions will focus on:

®  WebAssembly (Wasm) at the Client Edge: Running complex machine learning inference models directly inside client web browsers on

incoming telemetry streams.

®  5G/6G Networks and Web-NATIVE Protocols: Leveraging HTTP/3 and WebTransport over QUIC to reduce latency, packet loss impact,
and connection setup times for dense IoT node deployments.
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