W
THE USA
!‘(')URNA'I.?

The American Journal of
Engineering and Technology

ISSN 2689-0984 | Open Access

‘W) Check for updates

OPEN ACCESS

19 February 2025

21 March 2025

26 April 2025
Vol.07 Issue 04 2025

Karelov Mark. (2025). The Future of Smart Warehousing: From Barcoding
to Drone Integration. The American Journal of Engineering and Technology,

7(04), 119-124. https://doi.org/10.37547 /tajet/Volume07Issue04-16

© 2025 Original content from this work may be used under the terms

of the creative commons attributes 4.0 License.

The American Journal of Engineering and Technology

Original Research
119-124
10.37547/tajet/VolumeO7Issue04-16

The Future of Smart
Warehousing: From
Barcoding to Drone
Integration

Karelov Mark

Business Architect, Team Lead, Independent Logistics Consultant
(contracted with Smart Business)

Brovary, Kyiv Region.

Abstract: The rapid expansion of e-commerce and the
growing demand for faster delivery have significantly
reshaped the role of warehouse logistics in modern
business. Traditional warehouse management methods
are no longer sufficient to handle the rising volume of
goods, underscoring the urgent need for innovative
technological solutions. This study focuses on the
evolution of smart warehousing—from basic barcoding
systems to sophisticated technologies involving
robotics, drones, and artificial intelligence. A noticeable
gap remains in the academic literature between
theoretical research on warehouse optimization and its
practical applications. While many publications
emphasize technical advancements, they often
overlook the economic and social implications of
automation. Moreover, there is a lack of
interdisciplinary research that bridges technological
innovation with the transformation of business models
and the evolution of labor relations. This article
analyzes key technological trajectories and
demonstrates how the integration of digital twins,
predictive analytics, and autonomous robotics not only
enhances operational performance but also
fundamentally redefines warehouse management
practices. The insights presented are relevant for
logistics company executives, technology developers,
infrastructure investors, and supply chain management
researchers.

Keywords: warehouse automation, smart storage,
unmanned aerial vehicles, artificial intelligence,
predictive analytics, robotics, digital twin, barcoding.

Introduction: The modern logistics sector faces a
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critical challenge: rising volumes of goods, combined
with growing expectations for rapid order fulfillment,
are placing unprecedented pressure on warehouse
infrastructure. As e-commerce continues its rapid
ascent, traditional approaches to warehouse
management and inventory control are proving
increasingly inadequate in addressing operational
demands. Legacy systems based on linear barcoding
and manual processing are showing clear limitations
when it comes to handling thousands of transactions in
real time. According to research conducted by the
Material Handling Institute, the adoption of next-
generation warehouse technologies can boost
productivity by 50% and reduce operating costs by 25%.
As supply chain operations become more reliant on
speed and efficiency, the role of advanced warehouse
technologies is expected to expand even further [6].

This growing disconnect between the capabilities of
outdated systems and the evolving needs of the market
underscores the urgency of rethinking how smart
storage systems are designed and implemented.

MATERIALS AND METHODS

A review of the academic literature on warehouse
automation reveals several distinct research directions.

For instance, M. Cho, N. Kim, and Y. Chang [1] examine
the foundational role of standardization in warehouse
operations as a prerequisite for automation. Their work
outlines a step-by-step methodology for implementing
automated systems based on standardized processes.
A. Tobola, P. Cyplik, and K. Roszyk [10] describe the use
of simulation-based testing to forecast the
effectiveness of new technologies prior to full-scale
rollout, highlighting the importance of modeling in de-
risking implementation. In a more targeted study, A.H.
Shaikh and H. Poonawala [7] present an overview of
core automation technologies with a focus on their
accessibility for small and medium-sized enterprises
(SMEs).

A distinct body of literature is dedicated to the
application of artificial intelligence and computer vision
in warehouse logistics. A. Dissanayake, R. Sugathadasa,
and M.M. De Silva [2] explore the use of convolutional
neural networks for warehouse management within
construction supply chains. H. Liu et al. [3] propose an
interactive perception method for warehouse
automation in the broader context of smart cities.

Another important stream of research centers on
robotics and unmanned technologies. R. Prakash, L.
Behera, S. Mohan, and S. Jagannathan [5] develop a
dual-loop control system for robotic manipulators,
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demonstrating how refined algorithms can significantly
improve the accuracy and efficiency of robotic order-
picking operations. Ja. Stanko, F. Stec, and J. Rodina [9]
examine the use of autonomous drones for warehouse
inspection, offering practical insights into drone-based
inventory tracking and product condition monitoring.

Further studies focus on information technologies and
cloud-based solutions. P. Sharma and S. Panda [8]
present a case study of using the Azure platform for
supply chain management and warehouse automation.
O. Rudkovska [6] provides a business-oriented
overview of five key technologies enabling the concept
of the "smart warehouse."

Notably, N. McQueen and D. Drennan [4] investigate
the potential for transferring warehouse automation
technologies into adjacent industries, suggesting
broader applications beyond logistics alone.

The literature review also reveals a number of
unresolved tensions and underexplored issues. First,
there is a clear methodological gap between theoretical
studies on warehouse process optimization and the
practical integration of new technologies. Research
tends to focus either on mathematical modeling or on
technical components, with little emphasis on
comprehensive methodologies for implementation.
Second, the bulk of the existing work centers on
technological innovation, while economic and human
factors remain insufficiently addressed. There is a lack
of deep analysis regarding return on investment and
the transformation of labor processes following the
adoption of automation tools.

Among the underexplored topics are concerns around
information security, particularly in the context of
integrating cloud platforms and loT devices. The
challenges of scalability for SMEs—which make up a
substantial portion of the logistics market—have also
received limited attention. Overall, there is a notable
scarcity of interdisciplinary studies that blend
technological, economic, and social perspectives on
automation, highlighting a promising direction for
future research.

In preparing this article, the methods employed
included comparative analysis, case studies, content
analysis, and the processing of statistical data.

RESULTS AND DISCUSSION

Linear barcoding, once a groundbreaking advancement
in warehouse logistics, is gradually being overtaken by
more advanced technologies. While one-dimensional
barcodes provide basic product identification, they
offer limited data capacity and require direct line-of-
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sight for scanning. In contrast, modern two-
dimensional matrix codes—such as QR, DataMatrix,
and Aztec—overcome these limitations by storing
significantly more information in the same amount of
space and enabling scanning from multiple angles.

The adoption of matrix codes has also made it possible

to embed additional product information directly into
the storage system—such as expiration dates,
production batch numbers, and temperature
requirements—all of which are essential for facilities
handling sensitive goods. The key milestones in this
technological evolution are outlined in Figure 1.

1. Initial introduction of barcodes to speed up the
recordina of aoods and their movements

2. Expanding identification capabilities by encoding more

information

3. Application of radio-frequency identification for the
purpose of automatic reading of data from tags, which
increases the accuracy and speed of processing

4. The use of real-time tracking systems, where goods and
eauipment receive smart taas intearated into the network

5. Automation of accounting processes with cameras and
alaorithms capable of recoanizina obiects. controllina

6. A future where autonomous devices take inventory,
monitor stock and even manaae warehouse operations

Fig. 1. Evolution of Identification Technologies in Warehouse Operations (compiled by the author based on [1,

4, 8,10])

Radio-frequency identification (RFID) marks a major
leap forward in smart storage systems. Unlike optical
technologies, RFID tags do not require visual contact for
scanning and can simultaneously identify multiple
items within the reader’s range. RFID tags are classified
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as either passive (powered by the reader’s signal) or
active (equipped with their own power source),
offering flexibility for various operational scenarios.

Automated material handling systems are reshaping
warehouse spaces into high-efficiency environments.
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Shuttle systems, unlike traditional shelving, allow for
horizontal cargo movement within the structure,
significantly increasing storage density. Notably,
modern shuttle systems can operate under extreme
temperature conditions, making them suitable for
virtually any warehouse environment.

Carousel storage systems, operating on a “goods-to-
person” principle, reduce the need for worker
movement—a major advantage in industries like
pharmaceuticals and jewelry, where security is a
priority. Vertical lift modules (VLMs) optimize vertical
space usage, offering higher storage capacity compared
to conventional shelving and improving overall space
utilization.

Unlike automated guided vehicles (AGVs), which follow
fixed paths, autonomous mobile robots (AMRs) can
chart optimal routes in real time, navigating around
obstacles and dynamically adjusting their paths. When
integrated with warehouse management systems
(WMS), these robots can automatically reassign tasks
based on workload and order priority, allowing for
adaptive, efficient operations.

A prominent example of large-scale warehouse
automation is Walmart, which operates 210
distribution centers and 2,700 retail locations.
Managing such a network would be economically
unfeasible without advanced automation. The
company has implemented the following technologies:
° Automated material handling systems, which
move goods within and between facilities, significantly
reducing order fulfillment time and minimizing manual
labor.

° RFID, used for inventory tracking, preventing
overstock and waste, and improving inventory
accuracy.

° Pick-to-light systems, which enable faster and
more accurate order picking. LED indicators guide
workers directly to the product location, eliminating
the need for paper lists and reducing time spent
searching for items [6].

The application of aerial mobility technologies in
warehouse logistics can be classified into functional
categories, as shown in Figure 2.

Inventory

Monitoring

Equipment

Transportation

Fig. 2. Functional Directions of Using Airmobile Technologies in Warehouse Logistics (compiled by the author
on the basis of [2, 5, 7-9])

Unmanned aerial vehicles are redefining the way
inventory control and monitoring are conducted in
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modern warehouses. Equipped with computer vision
and machine learning systems, drones can perform
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autonomous inventory checks on high racks without
interrupting ongoing operations. Image recognition
algorithms enable them to identify product labels and
detect discrepancies between actual placement and
warehouse management system (WMS) records.

On large open-air warehouse sites, drones are
increasingly used for monitoring container conditions,
inspecting packaging integrity, and conducting
thermographic analysis to detect fire hazards
associated with spontaneous combustion. One of the
most advanced applications of aerial mobility
technologies is in direct order picking. Lightweight
drones equipped with gripping mechanisms retrieve
small items from high shelves and deliver them to

designated points. This approach is particularly
valuable in pharmaceutical and electronics storage
facilities, where minimizing human contact is critical.
Another important area of development is the
digitalization of warehouse operations. Under the
concept of the digital twin (Table 1), a virtual replica of
the physical warehouse is created and maintained in
real time. This model integrates data from all sensors
and systems, enabling not only live monitoring but also
predictive analysis. Engineers can simulate and test
changes to warehouse configurations before actual
implementation, reducing risk and streamlining
reorganization.

Table 1 — The Concept of a Digital Twin in the Context of the Operation of Addressable Warehouses (compiled
by the author on the basis of [3, 8, 9])

Technologies | connected sensors

Stage / Description of the Digital Twin Key Advantages
Technology

1. Manual | Basic digital model created using data | Improved inventory accuracy,
Barcode collected through barcode scanning faster auditing, reduced human
Scanning error
2. Use of 2D | Enhanced digital model enriched with | Greater data capacity, improved
Codes (e.g., QR | detailed data stored in 2D codes product tracking and movement
Codes) control
3. RFID | Integration of the digital model with | Fast and reliable identification,
Systems contactless, real-time data via RFID tags | minimal manual handling
4. 1oT and | Real-time synchronization between | Live monitoring, quicker decision-
Wireless physical operations and digital model via | making, improved transparency

and inventory

5. Computer
Vision and Al

Al-powered visual data analysis for real-
time updates and trend prediction

Predictive analytics, automated
operations optimization, early
issue detection

6. Autonomous

Direct data input and digital model

High-level automation, reduced

Robots and | updates from autonomous systems human intervention, enhanced
Drones efficiency

Machine learning algorithms are fundamentally e Weather conditions

reshaping how inventory is managed and demand is e Socio-economic trends

forecasted. Unlike traditional statistical models, Al-
driven systems process multifactorial inputs, including:
° Seasonality patterns

° Marketing campaigns
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This enables highly accurate demand forecasting and
optimized product placement within warehouses based
on projected order dynamics.

Predictive maintenance, powered by data from loT
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sensors, is another major advancement—allowing for
the early detection of equipment faults before they
occur. For example, Amazon’s intelligent warehouse
infrastructure integrates AWS Cloud and loT systems to
automate routine tasks. The company implemented
robotic picking and machine learning algorithms to
manage data and monitor operations in real time. This
transformation resulted in: Robots covering up to 30%
of warehouse tasks; Error rates dropping from 1 in
3,000 to 1 in 20 million orders; Order processing time
halved, from 30 to 15 minutes; Annual labor cost
savings of over $22,000 per robot; A 25% boost in
overall productivity [6].

These developments illustrate a  multi-stage
metamorphosis of addressable warehouses—from
basic one-dimensional barcodes to RFID systems and,
ultimately, to intelligent ecosystems powered by
autonomous robots, aerial technologies, and neural
network algorithms.

CONCLUSION

The evolution of addressable warehouses—from
rudimentary barcoding systems to intelligent
ecosystems powered by robotics and unmanned aerial
vehicles—reflects a profound transformation within
the logistics industry. The integrated adoption of
advanced technologies enables not only the
optimization of operational workflows but also a
reimagining of how goods are stored, processed, and
managed.

Looking ahead, it is reasonable to anticipate that within
the next decade, the convergence of the technologies
discussed in this paper will give rise to fully autonomous
warehouse environments. In such settings, human
involvement will be largely limited to strategic
oversight and the handling of exceptional cases. This
transformation, however, is unlikely to result in
widespread job displacement. Instead, it is more
plausible that the workforce will undergo reskilling to
take on more complex, cognitively demanding roles.
Organizations that invest in the comprehensive
modernization of addressable warehousing today will
secure a significant competitive edge—achieving lower
operating costs, minimizing human error, and
dramatically accelerating order fulfillment processes.
Still, the true determinant of successful innovation
adoption is not solely technological sophistication but
the willingness of businesses to restructure existing
processes and cultivate the necessary skillsets among
their workforce.

REFERENCES
Cho M. A study on standardization and automation of

The American Journal of Engineering and Technology

warehouse processes / M. Cho, N. Kim, Y. Chang //
Society for Standards Certification and Safety. —2023. -
Vol. 13. — No. 2. — Pp. 23-36.

Dissanayake A. Investigation of automation
opportunities in  warehouse management in
construction supply chains using convolutional neural
networks / A. Dissanayake, R. Sugathadasa, M.M. De
Silva // Journal of South Asian Logistics and Transport.
—2023.-Vol. 3. —No. 2. — Pp. 45-70.

Liu H. An interactive perception method for warehouse
automation in smart cities / H. Liu, Yu. Deng, Di. Guo, B.
Fang, F. Sun, W. Yang // IEEE Transactions on Industrial
Informatics. —2021. — Vol. 17. — No. 2. — Pp. 830-838.

McQueen N. The use of warehouse automation
technology for scalable and low-cost direct air capture
/ N. McQueen, D. Drennan // Frontiers in Climate. —
2024.-Vol. 6.

Prakash R. Dual-loop optimal control of a robot
manipulator and its application in warehouse
automation / R. Prakash, L. Behera, S. Mohan, S.
Jagannathan // I|EEE Transactions on Automation
Science and Engineering. — 2022. — Vol. 19. — No. 1. —
Pp. 262-279.

Rudkovska O. 5 Smart Warehouse Technologies to
Boost Warehouse Automation / O. Rudkovska // URL:
https://euristig.com/smart-warehouse-technologies/
(date of request: 04/07/2025).

Shaikh A.H. Warehouse automation / A.H. Shaikh, H.
Poonawala // International Journal for Research in
Applied Science and Engineering Technology. — 2022. —
Vol. 10. — No. 7. — Pp. 1653-1656.

Sharma P. Cloud computing for supply chain
management and warehouse automation: a case study
of Azure cloud / P. Sharma, S. Panda // International
Journal of Smart Sensor and Adhoc Network. — 2023. —
Pp. 19-29.

Stanko Ja. Process automation of warehouse inspection
using an autonomous unmanned aerial vehicle / Ja.
Stanko, F. Stec, J. Rodina // MM Science Journal.—2022.
—No. 3. — Pp. 5864-5869.

Tobola A. Analysis of the effects of automation of
warehouse processes — building the concept of
simulation tests / A. Tobola, P. Cyplik, K. Roszyk //
European Research Studies Journal. —2022. — Vol. XXV.
—Issue 2B. — Pp. 106-115.

124

https://www.theamericanjournals.com/index.php/tajet



