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Abstract

The advent of the Internet of Things (IoT) has ushered in a transformative era for retail

operations, markedly enhancing automation, real-time tracking, and intelligent inventory

management. Central to these advancements are smart shelves—sophisticated systems that

integrate IoT devices, sensors, and RFID (Radio Frequency Identification) technology to monitor

stock levels, product placements, and customer interactions with unprecedented precision. This

research introduces a comprehensive system that amalgamates smart shelf technologies,

RFID/barcode tracking, AI-driven demand forecasting, and cloud-based dashboards to elevate

inventory accuracy, minimize stockouts, and bolster customer satisfaction.​

Smart shelves equipped with RFID tags and sensors provide real-time data on inventory levels,

enabling automatic reordering when stock reaches predefined thresholds. This automation

reduces manual intervention and ensures optimal stock availability, directly enhancing the

customer experience by mitigating out-of-stock scenarios. Furthermore, the integration of AI and
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machine learning algorithms allows for the analysis of customer behavior and purchasing

patterns, facilitating accurate demand forecasting and informed inventory decisions. The

incorporation of cloud-based dashboards offers retailers centralized, real-time visibility into

inventory metrics, streamlining operations and enabling proactive management strategies. The

anticipated outcome of this research is the development of a prototype that demonstrates

seamless real-time inventory management, predictive analytics, and dynamic retailer-customer

engagement, thereby setting a new standard in retail inventory control and customer service.​

Keywords: Smart Shelves, Smart Cart, IoT, RFID, AI Forecasting, Real-Time Inventory

1. Introduction

Retailers across the globe encounter enduring challenges in inventory management, including

manual stock recording, recurrent stockouts, excessive inventory levels, and insufficient real-

time visibility of shelf activity. These operational inefficiencies degrade customer satisfaction

and reduce overall profitability. The proliferation of the Internet of Things (IoT) has enabled

transformative solutions by supporting real-time monitoring, automation, and predictive control

of inventory. Smart shelves, equipped with heterogeneous sensor nodes and networked back-end

systems, are capable of continuously tracking stock movement, generating proactive alerts, and

optimizing replenishment policies. This research investigates the architecture, implementation,

and performance benefits of connected retail environments realized through smart shelf

integration. By leveraging IoT technologies such as RFID tags, weight and presence sensors, and

AI-enabled analytics, retailers can achieve fine-grained, real-time inventory visibility and

improve demand forecasting accuracy. Such integration streamlines inventory operations and

enhances customer experience by ensuring product availability while mitigating both

overstocking and stockout situations.

Recent advancements demonstrate the practical viability of these systems. A System [1]

proposed a smart shelf architecture capable of monitoring product weight and RFID-tagged

locations, automating inventory updates. Similarly, [2] utilized load cells and IoT-based cloud

systems to reduce replenishment delays in retail. A System [3] developed an intelligent shelf

design using RFID and embedded controllers for real-time tracking and alerts. a smart shopping
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system[4]introduced using RFID in an IoT framework to improve customer experience and shelf

accuracy.

Further studies emphasize the role of central dashboards and AI integration, and [5] highlighted

the importance of intelligent IoT shelves in managing product layouts and stock levels efficiently.

A system [6], [7] proposed a proactive shelf availability system using IoT/IoE for better

customer insight. The use of AI-driven demand forecasting, as discussed [8] and [9] [10]shows

how retail brands are integrating generative AI and predictive systems to prevent excess stock

and enhance inventory accuracy.

2. Literature Review

Traditional inventory management systems have long depended on manual labor and periodic

audits, processes that are inherently prone to errors and inefficiencies. The advent of Internet of

Things (IoT) technologies has introduced automation into inventory management, notably

through the implementation of smart shelves equipped with sensors, RFID tags, and barcode

scanners. These advancements have enabled real-time tracking of stock levels, product

placements, and customer interactions, leading to significant reductions in out-of-stock scenarios

and operational costs [11].

Major retailers such as Amazon and Walmart have pioneered the deployment of smart shelf

technologies. Amazon's cashier-less "Just Walk Out" stores utilize a combination of computer

vision, weight sensors, and deep learning algorithms to detect when customers remove products

from shelves and automatically charge them upon exit [12] . This approach not only streamlines

the shopping experience but also provides accurate real-time inventory data, thereby reducing

stock discrepancies and enhancing order fulfillment precision[13].

Similarly, Walmart has integrated RFID technology into its inventory systems, achieving up to

97% accuracy in stock visibility and availability [14]. This large-scale implementation has been

instrumental in improving supply chain performance, minimizing shrinkage, and enabling near

real-time replenishment planning [15].
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Despite these advancements, the adoption of IoT-based inventory management systems presents

several challenges. The initial investment for hardware components—such as sensors, RFID tags,

and smart shelves—can be substantial, often ranging from $50,000 to $200,000 for a mid-sized

retail store, depending on scale and customization [16] . Additionally, software and platform

costs, including cloud dashboards, AI analytics, and middleware, may range from $10,000 to

$50,000, with annual maintenance fees constituting 15% to 25% of total implementation costs

[17].

Furthermore, integrating IoT solutions with legacy inventory systems remains a critical barrier.

Many businesses struggle with aligning IoT data pipelines with existing ERP and POS platforms,

requiring dedicated IT resources, staff training, and workflow redesigns [18] . Moreover, data

security concerns are heightened as these systems rely on extensive networks of connected

devices that continuously transmit sensitive data. Ensuring privacy through robust encryption,

role-based access, and cybersecurity protocols is essential[19], [20].

3. Methodology

The proposed smart-shelf inventory management system provides continuous real-time stock

visibility, automated replenishment, and predictive analytics through a three-tier architecture

comprising hardware, software, and communication layers. Each layer is optimized for

scalability and reliability in contemporary retail settings.

3.1 Hardware Components

Smart Shelves with Load Cells: Instrumented with precision strain- gauge load cells that
convert weight changes into proportional electrical signals, enabling continuous, real- time
monitoring of stock additions and removals [21]
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Figure 1. HX711 Load Cell Amplifier Module

RFID Tags & Barcode Scanners: Passive RFID labels or printed barcodes affixed to each
SKU, read by fixed or handheld scanners to capture unique identifiers for item- level traceability
and automated inventory audits [14]

Figure 2. RFID Reader/Writer with RFID Card and Tag RC522

Shelf-Mounted Cameras: Wide-angle image sensors (e.g., 5 MP modules) that capture shelf
views for planogram compliance checks and misplacement detection; on-device preprocessing
flags anomalies before sending metadata to the cloud [22]
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Figure 3. ESP32 CAMWiFi Module Bluetooth with OV2640/RHYX-M21-45 Camera

IoT Microcontrollers (ESP32 / Raspberry Pi): Edge controllers that aggregate sensor and
camera inputs, perform basic inference (e.g., low- stock detection), and buffer/transmit telemetry
via secure protocols to back- end service[18]

Figure 4. ESP32 and Raspberry Pi

Wireless Modules (Wi- Fi, Zigbee, LoRaWAN): Redundant RF transports—built- in Wi- Fi
for high- throughput uplinks, Zigbee for mesh networking, and LoRaWAN for long- range
low- power coverage—ensure resilient data delivery in diverse retail layouts[23]

Figure 5. SX1278LoRa Module 433MHz Spread Spectrum Wireless Transmit Module

3.2 Software Components

 Cloud Inventory Engine: A horizontally scalable backend service that ingests shelf

telemetry, maintains up-to-date stock states, and enforces auto-replenishment policies

when predefined thresholds are violated . It exposes standardized APIs for integration

with enterprise resource planning (ERP) and point-of-sale (POS) systems[24].
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 AI Forecasting Module: A suite of machine- learning models trained on historical sales

and stock data to predict future demand at the SKU level, enabling proactive restocking

[25][9].

 Retailer Dashboard (Next JS): A web interface that visualizes real-time inventory maps,

issues low- stock notifications, and provides “what- if” scenario analytics for ordering

decisions.

 Messaging Protocols (MQTT / HTTP-REST): Lightweight and secure communication

channels that enable bidirectional data exchange between edge devices and the cloud

backend. Transport Layer Security (TLS) and token-based authentication are employed to

ensure data confidentiality, integrity, and controlled access[26].

3.3 Communication & Data Flow

1. Sensing & Edge Processing:Load cells, RFID readers, and cameras feed raw

measurements to the microcontroller, which performs initial validation and

compression[14].

2. Uplink Transmission: Validated payloads are published via MQTT or sent over HTTPS to

the cloud engine, leveraging redundant wireless links for high availability.[26]

3. Cloud Analytics: The AI module consumes streamed data to update demand forecasts and

detect anomalies (e.g., sudden stock depletion or misplacements), triggering replenishment

alerts[24].

4. Notification & Visualization: Alerts are dispatched via email/SMS or displayed in the

dashboard, which also provides drill-down views of shelf status, forecast accuracy, and

historical trends.

This layered architecture ensures low-latency alerts at the edge, robust data integrity in transit,

and powerful predictive insights in the cloud, collectively driving efficiency and customer

satisfaction.

4. Model Development

The system’s implementation consists of four integrated components—each realizing a critical

function within the smart- shelf framework.
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4.1 Smart Shelf Implementation

 Weight-Based Stock Assessment: Calibrated load cells are embedded beneath shelf

panels. Change-point detection algorithms convert raw weight deltas into item counts,

compensating for packaging variability.

 RFID/Barcode Item Verification: At restocking or auditing, handheld readers scan all

tags/barcodes on a shelf; discrepancies between weight- inferred counts and scanned IDs

trigger reconciliation workflows.

 On-Shelf Image Analysis: Convolutional neural networks running on the

microcontroller flag planogram violations or low- fill levels, supplementing weight- based.

4.2 IoT-Based Inventory Management

The core of our IoT- based inventory management lies in seamless, real- time data

synchronization and proactive replenishment:

 Real- Time Stock Synchronization: Load cell readings, RFID/barcode scans, and

camera- derived observations are published to the cloud inventory database over

MQTT/HTTPS. This ensures that every shelf movement is reflected centrally within

seconds, providing a single source of truth for stock levels.

 Automated Low-Stock Alerts: When on-shelf counts fall below predefined thresholds,

the cloud engine triggers HTTP-based notifications to the supplier interface. These alerts

can be delivered via RESTful API calls, SMS, or email, enabling suppliers to initiate

restocking workflows immediately and thereby reducing stock-out occurrences.

 AI-Driven Demand Forecasting: An AI module continuously learns from historical

sales and real-time inventory data to generate SKU-level demand forecasts. Forecast

outputs inform the timing and quantity of auto-replenishment orders, minimizing both

overstock and understock risks.

4.3 Retailer Dashboard and Engagement

To translate analytics into action, we provide a rich, interactive dashboard:
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 Application Interface for Stock Metrics: Built in Next JS (web) and Flutter (mobile),

the dashboard presents live stock heatmaps, fill- rate indicators, and alert feeds. Operators

can drill down by aisle or SKU, acknowledge alerts, and assign restocking tasks.

 Demand Forecasts & Restocking Recommendations: AI forecasts are visualized

alongside actual consumption curves. The system recommends optimal reorder points

and quantities, enabling strategic planning and reducing manual decision overhead.

 Dynamic Pricing via ESLs: Electronic Shelf Labels (ESLs) receive pricing updates over

the same IoT network. Prices adjust dynamically based on inventory velocity and

predicted demand surges, helping retailers manage turnover and maximize revenue per

square foot.

4.4 Prototype Development

A proof-of-concept shelf was assembled using ESP32 microcontrollers, HX711-based load cells,

UHF RFID readers, and 2 MP cameras, all communicating over dual-band Wi-Fi, LoRaWAN,

and WebSocket channels:

1. Integration in Test Environment: Hardware modules were mounted on a full-size retail

shelf. Custom firmware batched sensor payloads and transmitted them to a Node.js/AWS

Lambda backend.

2. Data-Driven Iteration: Over a two-week trial, we collected usage logs, alert latencies,

and forecast accuracy metrics. Insights on sensor drift, network jitter, and user interaction

informed successive firmware and UI refinements, culminating in sub-minute alert

delivery and >95% inventory accuracy under typical store conditions. Through these

components, our prototype validates the feasibility of a fully integrated, AI-enhanced IoT

inventory management system that can be scaled across diverse retail
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settings.

Figure 6. Data flow diagram of Connected Retail with Smart Shelves and Inventory

Management
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5. Implementation

Figure 7 : System architecture diagram of Smart Shelf and Smart Cart integration.

Diagram illustrates the integration of hardware and software components in the smart-shelf and

smart-cart system. Passive RFID reader modules (MFRC522) interface with the ESP32 via SPI,

enabling periodic scans of product-affixed RFID tags. Unique tag identifiers are captured using

the Arduino_MFRC522 library and published by the ESP32 to an MQTT broker for item-level

identification. Strain-gauge load cells, mounted beneath shelf panels, connect through HX711

amplifiers to ESP32 digital pins; calibration routines convert raw 24-bit data into weight

measurements, while change-point detection algorithms identify discrete inventory additions or

removals.

A 2.8-inch ILI9341 TFT touchscreen, driven over SPI by the TFT_eSPI library, displays real-

time weight and RFID data at the shelf edge, alerting staff to low-stock conditions via intuitive

icons and color codes. Concurrently, a 5 MP Raspberry Pi camera module acquires wide-angle

shelf images; on-board OpenCV pipelines detect planogram violations and empty slots,

transmitting metadata only to the ESP32 for sensor event correlation. The ESP32 aggregates and

publishes sensor/image metadata via secure MQTT or HTTPS to a cloud backend, where AI
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engines execute demand forecasting and dispatch low-stock notifications to suppliers through

RESTful APIs and SMS gateways. For mobile applications, identical sensors, RFID readers, and

displays integrate into a smart shopping cart, utilizing Wi-Fi or LoRaWAN for connectivity

across expansive retail floors and real-time item tracking during customer interactions. This

architecture adheres to IEEE guidelines for modular hardware design, secure communication

protocols, and real-time responsiveness, ensuring scalability and reliability across diverse retail

IoT deployments.

Figure 8: Smart Shelf Hardware Circuit Integration

Diagram illustrates the ESP32-based prototype assembly with load cells (HX711), RFID

(MFRC522), cameras, display, and wireless modules (Figure 8) mounted on the retail shelf,

showing precise wiring and data flow to the cloud backend.

6. Conclusion

This paper has presented a comprehensive framework for next-generation retail inventory

management, leveraging IoT-enabled smart shelves, RFID/barcode tracking, cloud- native

analytics, and AI-driven demand forecasting. Through continuous weight sensing and vision-
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aided monitoring, the proposed system achieves real-time visibility into stock levels and product

placement, while automated low- stock alerts and AI-based replenishment recommendations

streamline supplier coordination and minimize both under-- and over- stock scenarios.

A working prototype—built on ESP32 and Raspberry Pi edge controllers, HX711 load cells,

UHF RFID readers, and shelf-mounted cameras—demonstrated the feasibility of sub-minute

update cycles and > 95 % inventory accuracy in a simulated retail environment. The integration

of a Next JS/Flutter dashboard further empowers retailers with live heatmaps, forecast analytics,

and dynamic pricing controls, enhancing decision-making and operational transparency.

The modular, scalable architecture outlined herein accommodates retailers of all sizes and can be

extended with future enhancements such as blockchain-backed provenance, checkout-free

computer- vision systems, and social-media-driven stocking algorithms. By uniting automation,

predictive intelligence, and user-centric interfaces, this smart- shelf ecosystem represents a

significant step toward fully connected, resilient, and customer-focused retail operations.
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