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aBTomMatu3oBaHoro Tpancropty (AGV/AMR) 3 mepcoHasioM y CydacHUX CKIIQJICHKUX CHCTEMax.
[IpoBeneHO aHalli3 OCHOBHUX PH3HKIB, IOB’S3aHUX 13 EKCIUIyaTalli€l0 aBTOHOMHHUX BI3KIB Yy
3MIIIAHOMY CEPEIOBUII, Ta HABEIEHO TEOPETUYHI IiIXOIU 10 MOJCIIOBAHHS O€3MeYHOI MOBEIIHKI
poOotuzoBaHoro TtpaHcnopTy. OmucaHo KOHUENIi 30H Oe3MeKd, MPOTOKOJIU YHOBUIbBHEHHS W
aBapiiHOI 3yNMHKH, a TAKOXX Cy4acHI CEHCOpHI pilleHHS JUIs BUSBJICHHS JOAUHH. OOrpyHTOBAaHO
BOXUIUBICTh TOEJIHAHHSA TEXHIYHUX 1 OpraHizaliiHUX 3aXOIB 3aJUlsl 3HI)KCHHS TpaBMaTH3My Ta
1 IBUIICHHS HAIIIHOCTI CKJIaICBKUX TTPOIIECIB.

Knrouoei cnosa: aBToMaTU30BaHUI TPAHCIIOPT, CKIAACHKI CUCTEMH, Oe3reuHna B3aemois, AGV,
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Annotation: This article is devoted to analyzing the issues of safe interaction between automated
transport (AGV/AMR) and personnel in modern warehouse systems. An analysis of the main risks
associated with the operation of autonomous trucks in a mixed environment is carried out, and
theoretical approaches to modeling the safe behavior of robotic transport are presented. The concepts
of safety zones, deceleration and emergency stop protocols, as well as modern sensor solutions for
human detection are described. The importance of combining technical and organizational measures
to reduce injuries and increase the reliability of warehouse processes is substantiated.
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Industry 4.0 is based on process digitalization, cyber-physical systems, 10T connectivity, and real-
time data processing. This is changing the approach to internal logistics. The warehouse is no longer
“mechanical.” It is becoming a data-driven system.

AGVs/AMRs in warehouse systems - are not isolated robots. They form a fleet that shares space,
charging resources, and “bottlenecks” such as aisles, gates, and elevators. Without coordinated
control, downtime, path conflicts, queues, and deadlock situations arise. Reviews of AGV control
systems identify dispatching, routing, collision avoidance, and battery management as key tasks. This
confirms the critical importance of architecture at the fleet level, not just at the level of a single robot.

Compatibility creates additional pressure. Warehouse ecosystems increasingly combine different
types of transport robots and infrastructure. Hence the need for standards and reference architectures.
RAMI 4.0 defines the structure for describing Industry 4.0 components by layers, levels, and
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lifecycle. This is useful for the systematic design of AGV integration into a facility.

In terms of safety and standardization, AGVs and AMRs are often considered “driverless
industrial trucks.” They require safety requirements and verification methods. This directly
underscores that fleet management must be linked to operating modes, zones of interaction with
people, and risk control.

Structurally, an AGV fleet performs repetitive transport cycles between “nodes.” Efficiency
here depends on four factors: task allocation, traffic management in shared space, charge
management, and integration with the task source. In Industry 4.0, these processes must be
transparent and data-driven, including real-time events and statuses.

Virtually any fleet management system has three levels of functions:

1. Local: navigation, localization, obstacle avoidance;
2. Site: dispatching, traffic, energy, zone rules;
3. Enterprise: task integration, KPIs, planning.

RAMI 4.0 proposes thinking in layers and aligning data/interfaces between adjacent layers.
This suggests that “fleet control” should be separated from the business layer and the physical
layer, but with defined event flows.

Centralized architecture. The key idea is that a single “fleet/master control” forms a task queue
and assigns tasks to robots. It also maintains a global map/graph and traffic rules. This approach
scales well administratively. It is easier to maintain. It is easier to integrate with WMS/MES/ERP
via a single interface.

A practical hallmark of the centralized approach is the presence of “job queuing and dispatch,”
“traffic management,” centralized map control, and a “single point of integration.” This is
explicitly described in industrial solutions for managing fleets of mobile robots, such as
Enterprise Manager/ARAMCentral.

Strengths. Transparency. A unified priority policy. It is easier to ensure data consistency. It is
easier to build unified analytics.

Weaknesses. Bottleneck. High dependence on the availability of the server, network, and
message brokers. Risk of “cascading degradation” in the event of a central component failure.
Cyber security requirements for the central node also increase.

Decentralized architecture. Coordination is moved closer to the robots. Decisions regarding
trajectories, priorities, and conflict resolution are made locally or in a group setting.
Communication is often structured as “multi-agent” with rule coordination.

Advantage: resilience. The failure of a single node does not halt the entire fleet. Dependence
on central infrastructure is reduced. Flexibility in a dynamic environment increases.

Disadvantage: complexity of guarantees. It is harder to prove global optimality. It is harder to
ensure fairness and predictability. The cost of interaction errors increases, especially in
“bottlenecks” and when moving alongside people. In the classical literature, the tasks of
dispatching, routing, and collision avoidance are fundamental to AGV control. Transferring these
tasks to a decentralized mode increases the demands on coordination protocols.

Hybrid architecture. This is the dominant practical compromise. The control center is
responsible for “what” and “when.” The robots are responsible for “how exactly.” That is, the
control center assigns missions, priorities, and zone and traffic rules. The robot performs
navigation, obstacle avoidance, and precise positioning locally.

Industrial fleet management products explicitly support centralized control, dynamic task
assignment, traffic management, and integration with WMS/MES/ERP via API. This is a typical
description of the hybrid approach, where the “fleet manager” defines policy and dispatching,
while the robot’s autonomy ensures execution in the real environment.

A distinct advantage of the hybrid approach is compatibility. A standardized interface between
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“master control” and robots allows for the creation of a multi-vendor fleet. VDA 5050 defines
precisely this type of interaction. The standard describes the exchange of orders and statuses
between the master control and AGVs. It is based on MQTT and JSON. It also sets out the
following goals: reduced integration time, “plug & play,” parallel operation of different
manufacturers, and coordinated traffic management.

Figure 1 shows the “fleet control — MQTT broker — mobile robot” pattern with typical topics
“/order” and “/state.” This is convenient for Industry 4.0 because it aligns with event-driven
integration and provides a unified channel for telemetry and commands.

Fleet Control MQTT-Broker Mobile Robot

/state |
|
|

Routing and | H
order creation I I
|
Jorder |
(nodes and edges ! !
. | |
with actions)
T |
| /state |

— - d

/instantActions _ | .
T |

b — execution]
| 0

Figure 1 — Information Flow Structure

A “middleware” approach is used to integrate different fleets and infrastructure. OpenRMF is
described as a modular framework (Fig. 2). It provides centralized functions. These include task
queuing, conflict-free resource scheduling, and tools for building fleet adapters. This supports a
hybrid “multiple fleets and shared building resources” scenario.

Integration Layer for Application-specific
API normalization hardware, firmware, or
software
rmi_dispenser_msgs/DispenserRequest i
| dispenser workcell dispenser workcells
rmf_task_msgs/Delivery L adapters [ (fixed automation
Task input adapters rm_task_megs/Station rmi_dispenser_msgs/DispenserState equipment, etc.)
(Ul portals, etc.) —> rmi_dispenser_msgs/DispenserResult
eenf_lifi_msgs/LiftRequest
P Jift adapters e lifts
rmf CO re ‘ (aka "elevators") (aka "elevators”)
| rmf_lift_msgsiLiftState
alarm system adapters |_Stc.msas/Eoo!
(fire, etc.)
rmf_door_msgs/DoorRequest
< door adapters doors
fmi_door_msgs/DoorState
ﬂeet [‘;“: ! ok robot fleet managers
rmf fleet A (AMRs, AGVSs, etc.)
adapte rs P mobile fleet drivers
robots, carts, etc.
[ rmf_fleet_msgsiFleetState ( ) =] carts and other things
(tightly integrated that move and can be
with rmi_core) tracked / predicted

Figure 2 — General structure of the OpenRMF deployment

A comparative analysis was performed in Table 1. The table focused on warehouse systems
featuring shared traffic areas, periodic “bottlenecks,” and Industry 4.0 integration requirements.
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Table 1 — Comparison of AGV Fleet Management System Architectures

Criterion Centralized Decentralized Hybrid
- The center determines
- . Decisions are - .
Decision- The center determines - policy and mission
i distributed among o
making routes/queues/rules allocation; the robot
robots/agents
executes them locally
Works well up to a Natural scaling, but Scales well with
Fleet . ) o
scaling certain point, then more c_omplex standardized interfaces and
bottlenecks at the center coordination brokers
. : . Higher than centralized
Fault . Higher, no single point .
Low without redundancy . systems with proper
tolerance of failure - .
degradation and failover
Traffic High, if the center “sees” Difficult to guarantee High for “rules,” local
consistency all resources global consistency autonomy for “exceptions”
Criterion Centralized Decentralized Hybrid
Response
time to Network/center delays Minimal Mmlmgl, V.V'th thg center
local adjusting policy
failures
Integration
with . . . More complex (requires | Usually simple: one hub +
WMS/MES | SimPle (single point) a “gateway”) API/events
/ERP
Multi- Often limited by Potentially high, but Works best with standards
vendor proprietary systems standards are needed like VDA 5050
. . Average: more complex
Maintenanc Lower at the start nghe_r due fo the than centralized, but
e costs complexity of the rules
manageable

Cybersecurity and lifecycle management should be considered separately. In Industry 4.0, this

becomes an architectural requirement. For example, industrial fleet management solutions may
offer event-driven integration, APIs for ERP/WMS/MES, and access/audit mechanisms as part of
the product. This influences the choice of architecture in favor of a hybrid approach, where the
“hub” serves as a managed integration node.

CONCLUSIONS. The architecture of an AGV fleet management system determines not only
performance but also risk management and integration costs. For Industry 4.0 warehouse systems,
a hybrid approach is the most practical. It allows robots to retain local autonomy. It preserves
centralized dispatching and traffic management mechanisms. This is precisely how “master/fleet
control” functions are described in standardized interfaces and industrial products.

Compatibility standards significantly lower the “vendor lock-in” barrier. VDA 5050 formalizes
the exchange between master control and AGVs via MQTT/JSON and supports the parallel
operation of equipment from different manufacturers. This is directly linked to Industry 4.0
requirements for horizontal integration and real-time data management.

Reference models such as RAMI 4.0 serve as a “roadmap” for mapping fleet management
functions across the business layer, functional layer, and communication mechanisms. This
reduces the complexity of integration and allows the system to be broken down into modules with
clear interfaces.
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