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Abstract. In the modern era of global supply chains and the rapid growth of e-commerce, logistics facilities are experi-
encing increasing demands for speed, accuracy, and operational cost-efficiency. This paper provides a comprehensive
analysis of Automated Guided Vehicle (AGV) systems as a key component of contemporary warehouse automation. It
examines the technological evolution of AGVs, comparing traditional infrastructure-dependent guidance mechanisms with
advanced Natural Navigation and Simultaneous Localization and Mapping (SLAM) technologies. The study highlights the
effective integration of AGVs with Warehouse Management Systems (WMS) and emphasizes the transformative potential
of 5G connectivity in enhancing warehouse operations, coordination, and overall supply chain efficiency.

Keywords: automated guided vehicles (AGV), warehouse automation, intralogistics, SLAM navigation, warehouse man-
agement system (WMS), supply chain efficiency, Industry 4.0.

AHHoTauumaA. B coBpeMeHHy anoxy rnobanbHbIX LLeNnoYeK NOCTaBOK U CTPEMUTENBHOMO Pa3BUTUS ANTEKTPOHHON KOMMEPLIA
TIOrUCTUYECKNE KOMMIEKCHI CTANKMBAKOTCS C BO3pacTaloLMy TpeboBaHMAMN K CKOPOCTU, TOYHOCTM U 9KOHOMMUYECKON
adhheKkTMBHOCTM onepaumi. B gaHHon paboTe npeactaBneH KOMMMEKCHBIW aHanvM3 CUCTEM aBTOMAaTM3MPOBaHHbIX
ynpaBnseMbIX TpaHCMopTHbIX cpeacTB (AGV) kak OOHOrO M3 KIYeBbIX KOMMOHEHTOB COBPEMEHHOW aBTOMaTM3auun
cknagckux npoueccoB. PaccmatpuBaeTcs TexHonormdeckas aontoumsa AGV, Bkntoyasi conoctaBneHne TpaguLlmMoHHbIX
MEeXaHW3MOB HaBurauum, 3aBUCSLLUMX OT MHAPACTPYKTYpPbl, C NePEAOBbIMU TEXHOMOMMSIMU €CTECTBEHHOW HaBuraumm u
0[HOBPEMEHHOW Nokanu3aummn n kaptorpadgumpoBaHus (SLAM). Ocoboe BHMMaHWe yaensieTcs 3ekTUBHOW MHTErpaLmm
AGV c cuctemamn ynpasneHus cknagom (WMS), a Takke nepcneKkTUBHOM ponu cBA3u ctaHgapTa 5G B MoBbILLEHWM
9O PEKTMBHOCTY CKNAACKNX onepauui, KOOpAMHaLIMKN MPOLIECCOB M 00LLEel pe3ynbTaTUBHOCTY LIEeNoYeK MOCTaBOoK.

KnioyeBble cnoBa: aBTOMaTU3VMpPOBaHHbIE yMpaBnseMble TpaHCMopTHble cpeacTBa (AGV), aBTomaTv3aums CKnagos,
MHTpanornctuka, Hasuraums SLAM, cuctema ynpaenenusi cknagom (WMS), addeKkTMBHOCTb LEMNOYKM MOCTABOK,
WHpgycTpus 4.0.

Annotatsiya. Global ta’minot zanjirlari va elektron tijoratning jadal rivojlanishi sharoitida logistika majmualarida tezkorlik,
aniglik va operatsion xarajatlar samaradorligiga bo‘lgan talablar tobora ortib bormoqda. Ushbu magolada zamonaviy
omborlarni avtomatlashtirishning muhim tarkibiy qismi sifatida avtomatlashtiriigan boshqariladigan transport vositalari
(AGV) tizimlarining har tomonlama tahlili keltiriigan. Unda AGV tizimlarining texnologik rivojlanishi ko‘rib chiqilib, an’anaviy
infratuzilmaga bog‘liq navigatsiya mexanizmlari ilg‘or tabiiy navigatsiya hamda bir vaqtning o‘zida joylashuvni aniglash va
xaritalash (SLAM) texnologiyalari bilan taggoslanadi. Tadgigotda AGV tizimlarining omborlarni boshqarish tizimlari (WMS)
bilan samarali integratsiyalashuvi, shuningdek, 5G aloga texnologiyasining ombor operatsiyalarini takomillashtirish, jaray-
onlarni muvofiglashtirish va ta’'minot zanjiri samaradorligini oshirishdagi istigbolli roli yoritilgan.

Kalit so‘zlar: avtomatlashtiriigan boshqariladigan transport vositalari (AGV), omborlarni aviomatlashtirish, intralogistika,
SLAM navigatsiyasi, omborlarni boshgarish tizimi (WMS), ta’minot zanjiri samaradorligi, Sanoat 4.0.

INTRODUCTION

The rapid globalization of commerce and the continued expansion of omnichannel retailing have
significantly transformed the landscape of warehouse operations and intralogistics. Modern distribution
centers are no longer limited to traditional storage functions; they increasingly operate as dynamic, high-
throughput fulfillment hubs where material flow speed, accuracy, and efficiency contribute directly to overall
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competitiveness. Traditional material handling approaches, which rely extensively on human-operated forklifts,
manual carts, and conventional conveyor systems, are being complemented by advanced technologies to
accommodate growing order volumes, shorter delivery windows, and evolving workforce requirements. At the
same time, the integration of digital technologies and automation provides opportunities to improve operational
consistency, productivity, and workplace safety.

To support these evolving operational requirements, the logistics sector has increasingly embraced
automation, contributing to the widespread adoption of Automated Guided Vehicle (AGV) systems. First
introduced in the mid-20th century as relatively simple towed vehicles following fixed floor wires, AGVs have
undergone substantial technological development. Today, they represent sophisticated, computer-controlled
mobile platforms capable of performing a wide range of load transportation tasks with a high degree of autonomy
and operational precision. This paper systematically analyzes the core technologies driving modern AGV
systems, evaluates their operational and economic benefits, examines key implementation considerations,
and explores their strategic relevance within developing logistics ecosystems, with particular attention to the
industrial modernization of Uzbekistan.

The operational flexibility and deployment requirements of an AGV system are significantly influenced by
its navigation technology. Over the past several decades, navigation technologies have evolved from fixed,
infrastructure-dependent guidance mechanisms toward increasingly adaptive and infrastructure-independent
autonomous solutions. Understanding these different guidance approaches is important for selecting AGV
capabilities that correspond effectively to specific warehouse layouts, material flows, and operational
requirements. Modern navigation technologies create new opportunities for flexible deployment, efficient
warehouse management, and the continuous improvement of intralogistics processes.

LITERATURE REVIEW

Recent studies indicate that Automated Guided Vehicle (AGV) systems are becoming an important
component of modern warehouse automation and intralogistics. Kubasakova et al. (2026) demonstrated
the practical application of AGVs in logistics processes and highlighted their potential to improve operational
efficiency.

The development of AGV technologies has progressed from fixed-path guidance systems using magnetic
tapes and inductive wires to more flexible laser, vision-based, Natural Navigation, and SLAM technologies.
These developments have increased AGV flexibility, positioning accuracy, and adaptability to dynamic
warehouse environments. The integration of AGVs with Warehouse Management Systems (WMS) and Fleet
Management Systems (FMS) further improves task allocation, traffic coordination, inventory management, and
operational efficiency.

Recent research also emphasizes the broader application of autonomous mobile technologies in specialized
operational environments, demonstrating their potential to improve process efficiency. However, the reviewed
literature indicates that successful AGV implementation depends not only on technological capabilities but also
on infrastructure readiness, investment requirements, cybersecurity, and integration with existing warehouse
management systems.

RESEARCH METHODOLOGY

This study uses a comparative and analytical approach to evaluate AGV systems in warehouse
logistics. AGV navigation technologies, WMS/FMS integration, and 5G connectivity are analyzed. The study
also compares AGVs with manual material handling in terms of efficiency, safety, flexibility, scalability, and
financial performance. The research further considers the investment, infrastructure, cybersecurity, and
implementation requirements for AGV adoption in Uzbekistan.

ANALYSIS AND RESULTS

Traditional AGV configurations rely on predefined physical paths. Magnetic tape or inductive wires
embedded in or attached to the warehouse floor establish designated routes that the vehicle’s onboard sensors
continuously follow. These systems are highly reliable, robust against environmental interference, and relatively
straightforward to deploy. However, their fixed-path configuration can limit operational flexibility. Modifying
a travel path may require physical reinstallation, which can involve temporary operational adjustments and
additional investment. Similarly, 2D data-matrix or QR code-based navigation utilizes a grid pattern installed on
the warehouse floor. The AGV navigates by reading these codes with downward-facing cameras. This approach
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provides high positioning accuracy and can support precise movement, while its long-term performance
depends on maintaining the visibility and condition of the floor-based markers in environments with dust, floor
wear, or frequent machinery traffic.

Laser navigation represents a significant advancement toward greater structural flexibility. AGVs equipped
with rotating laser scanners emit beams that reflect off retro-reflective targets positioned at known coordinates
along walls and columns. By measuring the time of flight and angles of the returned light, the vehicle applies
triangulation algorithms to determine its position in real time. This approach enables travel paths to be modified
primarily through software configurations, reducing the need for physical changes to the warehouse floor. The
effectiveness of the system, however, benefits from maintaining a clear line of sight between the AGV and the
reflectors, particularly in highly congested or high-density racking environments.

Vision-guided AGVs use onboard cameras to capture visual information from the surrounding environment.
Through advanced computer vision algorithms, the vehicle can construct a visual map of the facility and
recognize three-dimensional structural features such as ceiling grids, pillars, and rafters. A key advantage of
vision-based guidance is its ability to operate without dedicated floor-based navigation infrastructure, providing
greater flexibility in warehouse configuration. The AGV dynamically compares real-time visual information
with its previously established environmental map to support autonomous navigation. An important technical
consideration is variation in warehouse lighting, as changes in illumination may influence feature-recognition
performance. This can be addressed through robust software filtering, sensor fusion, and complementary
sensing technologies, thereby improving navigation reliability across different operating conditions.

The pinnacle of modern AGV and Autonomous Mobile Robot (AMR) navigation is Natural Navigation,
supported by Simultaneous Localization and Mapping (SLAM) technology. Equipped with Light Detection and
Ranging (LiDAR) sensors, SLAM-enabled AGVs can dynamically map an environment while simultaneously
determining their own position within the generated map. Rather than following a predetermined and rigid
track, a SLAM-based AGV identifies static structures, such as walls and permanent racking, and dynamically
calculates an efficient path to its destination. When an obstacle, such as a misplaced pallet or a person,
temporarily blocks its trajectory, the system evaluates the surrounding environment in real time and safely
determines an alternative route. This infrastructure-independent approach provides a high degree of operational
agility, making it particularly suitable for dynamic and rapidly changing fulfillment environments.

An AGV does not operate independently; its full operational value is realized through integration with
the facility’s broader software architecture. The operational hierarchy typically begins with a Warehouse
Management System (WMS) or Enterprise Resource Planning (ERP) platform, which manages inventory
information, order allocation, and shipping schedules. When a material-handling task is generated, such as
transferring a completed pallet from a production line to a designated storage location, the WMS transmits the
instruction to the AGV Fleet Management System (FMS).

The Fleet Management System functions as the centralized coordination platform for the automated
fleet. It dynamically assigns tasks to individual vehicles based on factors such as proximity, current battery
state of charge, and vehicle payload capacity. Importantly, the FMS coordinates traffic across the warehouse
floor, helping to prevent congestion at narrow intersections, optimizing charging schedules to maintain fleet
availability, and directing vehicles through efficient routes when specific areas become busy.

To maintain effective synchronization between the WMS, FMS, and multiple AGVs operating simultaneously,
reliable wireless communication infrastructure is essential. Traditional Wi-Fi networks have been widely used
for this purpose; however, network performance can vary in large facilities because of latency fluctuations,
coverage limitations, and connectivity interruptions during access-point handovers. The integration of private
5G networks offers an advanced communication solution. 5G technology supports ultra-reliable low-latency
communication (URLLC), massive machine-type communications (mMTC), and seamless handovers. These
capabilities enable rapid data exchange, facilitate the centralized processing of high-resolution sensor data, and
support the deployment of a large number of connected assets while maintaining stable network performance.

Evaluating the implementation of an AGV system requires a systematic comparative analysis against
conventional manual material-handling methods. Although the initial capital expenditure (CAPEX) associated
with AGVs may be higher than the cost of acquiring traditional forklifts, their long-term operational benefits
and potential reductions in operating expenditure (OPEX) can contribute to an attractive Return on Investment
(ROI). In addition to financial considerations, AGV implementation can support higher operational consistency,
improved resource utilization, enhanced workplace safety, and greater scalability of warehouse operations
(Table 1).
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Table 1
Comparative Evaluation of Operational and Financial Parameters of Manual Material Handling and AGV Systems
Operational Manual Forklift / Material Handling Automated Guided Vehicle (AGV) Systems
Parameter
Operational Typlcally strugtured around human work Supports continuous 24/7 operation with
availability shifts, including scheduled breaks and automated opportunity chargin
workforce availability. PP y 9ing.
Operational Throughpyt may vary depending on operator Provides highly predictable performance
. experience, workload, and operating . . . :
consistency o with optimized and consistent cycle times.
conditions.
Requires continuous attention to traffic Incorporates multi-layered sensor-based
Workplace safety & . .
. management, operator practices, and safety systems to support safer material-
risk management . .
workplace safety procedures. handling operations.
Scalability & Expansion can involve additional personnel, Enables mc_)dular expansion, with routes
flexibility training, and material-handling equipment and operational parameters that can be
’ ’ efficiently reconfigured through software.
Relatively low initial CAPEX, with ongoing
Financial structure OPEX associated with labor, training, Higher initial CAPEX, with potential for more
insurance, maintenance, and workforce predictable and optimized long-term OPEX.
management.

From an economic lifecycle perspective, AGV systems can achieve full amortization and positive Return on
Investment (ROI) within approximately 18 to 36 months after deployment, depending on labor cost structures,
facility utilization, system configuration, and operational conditions. A major contributor to this financial return is
the substantial reduction in labor requirements for repetitive material-transport tasks, combined with potential
decreases in product losses and industrial racking damage associated with manual handling. These advantages
can contribute to more predictable operating costs and improved long-term resource utilization.

Despite their significant operational and economic potential, the successful integration of AGV systems
requires careful consideration of several technical and organizational factors. First, the initial investment may
presentafinancial consideration forsmalland medium-sized enterprises (SMEs), making phasedimplementation,
leasing models, and other flexible investment approaches potentially valuable. Second, facility readiness is
an important factor in successful deployment. Some older warehouses may have uneven flooring, structural
slope variations, or surface conditions that can influence AGV braking performance and navigation accuracy.
Addressing these conditions through targeted facility improvements can create a more suitable environment
for reliable automated operations. Third, the transition to automated fleets requires a comprehensive approach
to cybersecurity. Since AGVs communicate wirelessly with centralized management systems, they should be
protected through encrypted industrial communication protocols, network segmentation, secure authentication
mechanisms, and continuous monitoring to ensure reliable and secure operation.

As Uzbekistan continues to strengthen its position as an important logistics and manufacturing hub in
Central Asia, the modernization of industrial infrastructure is becoming increasingly significant. Supported by
national digital transformation initiatives, including the “Digital Uzbekistan — 2030” strategy, the country is
expanding the digitalization of various economic sectors. In this context, the integration of AGV systems offers
substantial opportunities to improve operational efficiency, technological capabilities, and resource utilization
across several rapidly developing domestic industries.

The domestic e-commerce ecosystem, represented by rapidly expanding platforms such as Uzum Market
and major retail chains such as Korzinka, is experiencing growing demand for efficient order fulfillment and
distribution services. The implementation of AGV systems in large-scale fulfilment centers can contribute
to shorter order-to-ship cycles, improved material-flow coordination, and more effective utilization of vertical
storage space through high-density racking solutions. These technologies can also support the development of
flexible and scalable logistics infrastructure capable of adapting to future increases in demand.

Furthermore, Uzbekistan’s established textile manufacturing sector and developing pharmaceutical industry
can benefit considerably from AGV-based internal logistics. AGVs can support the automated transportation of
fabric rolls, production materials, chemical components, and sterile medical supplies, contributing to consistent
material flow, enhanced process control, and compliance with established safety and quality requirements.
The wider adoption of AGV technologies can therefore strengthen domestic supply-chain capabilities, improve
industrial productivity, and contribute to the ongoing modernization of Uzbekistan’s logistics and manufacturing
infrastructure.
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CONCLUSIONS AND RECOMMENDATIONS

Automated Guided Vehicle (AGV) systems have evolved from rigid, path-following machinery into highly
intelligent, flexible, and autonomous components of the modern smart warehouse. By leveraging advanced
navigation methods such as SLAM, integrating seamlessly with WMS platforms, and utilizing high-speed 5G
connectivity, AGVs address the core challenges of modern intralogistics, including operational throughput,
safety, and scalability. While initial capital barriers and integration requirements remain significant, the long-
term operational efficiency and financial returns make automation an increasingly attractive solution. For
emerging industrial economies such as Uzbekistan, the adoption of AGV technology represents not merely a
futuristic upgrade but a strategic opportunity to strengthen global competitiveness and support the country’s
position in the future of international supply chains.
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