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In the modern conditions of Industry 5.0 development, mobile robotic platforms play a key role
in ensuring the automation of logistics and production processes. It requires the development
of effective navigation methods in a dynamic environment with static and moving obstacles. The
task of adaptive formation of a movement route based on sensory information, in particular QR
tags, is of particular relevance. It allows for the prompt determination of the coordinates of target
points and provide flexibility in controlling the mobile platform. The object of the study is the
process of moving a mobile platform in a discrete dynamic workspace. The subject of the study
is a method for constructing a mobile platform route using an incremental replanning algorithm
and a model for determining target coordinates based on QR tags. The purpose of the study is
a mathematical model development and software implementation of a method for constructing
an optimal mobile platform route in a dynamic environment, taking into account changes in the
space configuration and prompt determination of the coordinates of target points based on QR
tags. The study used methods of mathematical modeling, graph theory, numerical integration,
incremental pathfinding algorithms and computer modeling using a discrete occupancy map.
The scientific novelty of the work lies in the development of mathematical support for the method
of constructing a mobile platform route with the integration of a target observation model based
on QR tags. This allows for adaptive replanning of the trajectory in real time when the state of
the environment changes. The obtained results of numerical modeling confirm the effectiveness
of the proposed method, which ensures safe movement of the mobile platform, adaptive
avoidance of obstacles and stable achievement of target points with high computational
efficiency. The developed model demonstrates the potential for implementation in intelligent
control systems for mobile robots and can be used as a basis for further improvement of
navigation algorithms in dynamic environments.

Key words: mobile robotic platform, path planning, dynamic environment, D* Lite algorithm,
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Introduction

Modern logistics and production systems, oriented towards the concepts of
Industry 4.0 and Industry 5.0, require highly efficient mobile robotic platforms capable
of autonomously moving in a dynamic environment with the presence of both static
and moving obstacles [1-3]. The task of adaptive route planning in conditions of
variable configuration of the workspace, where the position of obstacles and target
points can change in real time, which makes it impossible to use only static navigation
methods [4-6], is of particular relevance. One of the promising approaches is the use
of numerical modeling based on a discrete occupancy map and incremental replanning
algorithms, such as D* Lite, which allow for effective trajectory updating without
complete route recalculation [7-9]. Additionally, the use of QR tags as a source of
coordinates of key points provides a flexible and technologically simple mechanism for
integrating sensory information into the navigation system of a mobile platform [10-13].
This allows for the implementation of dynamic changes in target coordinates without
interfering with the control system program code and increases the level of autonomy
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of the robotic platform. The development of mathematical software and a software
model of such a process is necessary for studying the properties of navigation
algorithms, assessing their computational efficiency and testing their performance in a
changing environment. Numerical modeling allows for the study of the behavior of a
mobile platform, optimizing route construction algorithms and ensuring safe interaction
with dynamic objects. Thus, the study of methods for numerical modeling of the mobile
platform route construction using QR tags is relevant and appropriate for creating
adaptive, efficient and intelligent robotic transport systems.

1. Related works

In the article Shen Y., Shen Y., et al. [14], a generalized review of the progress
of global and local path planning methods and tracking control methods for garden
mobile robots in complex scenarios is proposed. it allows a systematic comparison of
approaches to navigation in conditions of narrow aisles, plant obstacles and partial
observability of the environment. However, direct application of the solutions is limited,
since the review is focused on the specifics of orchard environments and the task of
trajectory following.

In the paper Shanmugaraja M., Thangamuthu M., et al. [15], a comprehensive
review of hybrid path planning algorithms for autonomous mobile robots is developed
with a focus on combining graph, sampling-based, reactive and optimization strategies,
which allows a reasonable choice of combinations of methods for the requirements of
speed, adaptability and obstacle avoidance. However, direct transfer is limited
because the paper is of a review nature and does not provide a complete scheme of
“QR-target tracking — update — incremental replanning”.

In the study of Jin P., Li W., et al. [16], a 3D obstacle avoidance algorithm for
underwater vehicles (UUV) based on improved D* Lite combined with artificial potential
field (APF) and software design is proposed. This makes it possible to improve the
comprehensive planning performance in three-dimensional space compared to the
basic D* Lite-APF options. Unfortunately, direct use is limited because the environment
and motion model are 3D and specific to UUV, while the mobile platform uses 2D
discretization, occupancy map and event-based goal setting via QR tags with real-time
requirement for route recalculation on the grid.

The paper by Wu H., Zhong Y., et al. [17] proposes a hierarchical planning
framework combining A* and D* Lite for heterogeneous sea ice scenarios with the
integration of global and local planning levels. It allows to improve the suitability of
routing under different map resolutions and changing ice conditions. However, direct
application is limited, since the setting is focused on a macroscale environment with
multi-level maps and coordinate transformations. Furthermore, in this study the system
is critical for frequent local updates of occupancy cells due to dynamic obstacles and
operational change of the endpoint via QR tags without external geospatial models.

In the paper, Mlinaréek D., Jano$ R., et al. [18] investigated the quantitative
tuning of costmap for autonomous navigation and performed a comparison in
simulation and real experiments on the Hiwonder JetAcker platform. It allows to justify
the parameters of the navigation stack and improve the stability of obstacle avoidance
in practical conditions. However, direct transfer is limited, since the emphasis is on
empirical tuning of costmap in a specific implementation of navigation software. And
the study on QR tags requires a formalized target observation channel and incremental
route replanning in a discrete environment with metrics of step time and number of
replannings.
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In the study of Liang Z., Wang L., et al. [19], an approach to autonomous
obstacle avoidance and path planning for mobile robots in orchard environments is
proposed, combining map construction and positioning methods. This allows obtaining
safe, smoothed, and kinematically consistent trajectories in complex long-duration
missions. In our study, direct application is limited, since the main complexity there is
related to mapping and localization in orchard environments. In our formulation the key
is the mechanism of setting sequential goals through QR tags and fast replanning of
D* Lite on the occupancy map under dynamic obstacles.

In the article [20] Abu-Jassar A., Al-Sukhni H., et al. proposed a mobile robot
route construction based on BRRT and A*(H-BRRT) using A* as an optimizer and
implemented in Python, which makes it possible to form routes in complex environ-
ments and consider combined search strategies. Within the framework of this topic,
direct use is limited, since BRRT/A*(H-BRRT) are focused on route construction mainly
in a more static setting and do not contain an integrated mechanism for event-based
goal change through QR tags and incremental value updates with frequent changes in
occupancy, which is a basic requirement for a mobile platform in a dynamic space.

The general conclusion is that modern publications demonstrate the rapid
development of hybrid and incremental planning methods, hierarchical schemes and
practically oriented tuning of navigation subsystems, however, the issue of operational
assignment of consecutive key points through QR tags with guaranteed real-time
replanning on a discrete occupancy map remains insufficiently covered. That is why
research aimed at numerical modeling of mobile platform routing in dynamic space
with- QR tags as a source of route endpoints is relevant for
Industry 5.0 logistics tasks, since they combine flexible *

The purpose of the study is a mathematical model development and software
implementation of a method for constructing an optimal mobile platform route in a
dynamic environment, taking into account changes in the space configuration and
prompt determination of the coordinates of target points based on QR tags.

2. Development of mathematical support for the method of constructing a route
for moving a mobile robotic platform

To simplify understanding, before describing the mathematical models of the
method for constructing a mobile platform movement route in dynamic space using QR
tags, let us introduce the following abbreviations:: W,H - map size;

At — simulation update step; O — static obstacle; M — static obstacle; p; — state vector;

V; — velocity; I — i-th dynamic obstacle radius; 04(t),0(t) — dynamic and full

occupation; sgqre — Start point; sg,4; — finish point (goal); C(S,S’) — cost of transition;

g(s).rhs(s) - functions D* Lite; h(-) — heuristic function, when w > 1, it is its weight;

k., — key correction; U — priority queue of vertices for update; ¢ — converting QR data
into goal coordinates.

In the first step, we develop a model of the mobile platform environment in the
form of a discrete map and a set of static and dynamic obstacles. Let the working area
be represented by a grid of size W x H:

G={(x,y)Ixe{0,...W -1} ,y€{0,....H -1}}, 1)

where: G- grid, i.e. the complete set of all valid map cell indices. This is the simulation
coordinate system in which the planner (D* Lite) searches for a route; x — cell
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coordinates along the axis X; y — cell coordinates along the axis Y ;
{o,..,w —1}, {0, ...,H — 1} — restricting indices according to the dimension of
the map (matrix W x H).
Let us describe static obstacles, let OS c— G, as a set of static obstacles:

O, ={(x,y) eG|static|y,x]=1}, 2)
where: static[y, x] — static interference occupancy matrix, this is a two-dimensional
array of size W x H, and is described by the following system:

static[ x]— 1,if the cell is occupied by static interference
Y X1= 0,if the cell is free '

Expression 2 defines forbidden regions that do not change in time.

Let us represent dynamic obstacles, let there are M moving obstacles. For i-th
obstacle:

— continuous state:

PO oo

— grid occupation zone:

Oy, (t):{(x,y)eg\\/(X—xi R ri}; ©)

— total dynamic employment:
M
Oy (t)={/Oq;(1), (6)
i=1

where: P; (t) — obstacle center coordinates; V; (t) — velocity; r; — obstacle radius, in

cells; (x;(t), y;(t)) — i-th dynamic obstacle center coordinates in time ¢t;

v,,;(t) — horizontal component of obstacle velocity; v, ;(t) — vertical

component of obstacle velocity; 0,4;(t) — the area of occupation of the i-th

dynamic obstacle in time ¢, is the set of map cells that are considered

occupied by a moving object; 0,(t) — definition of a new set of occupations.

To form a complete picture of the workspace state at each moment of time,

taking into account both static and dynamic obstacles, which ensures the correct
determination of movement permissible areas of the mobile robotic platform, we will
develop a model of the general occupation map. This will be used by the D* Lite
algorithm to check the passability of cells, timely replanning of the trajectory and
guaranteeing safe robot navigation in a changing dynamic environment.

O(t)=0, UO,(t), free(t):%(t), @)

where: free(t) — set of free cells at a point in time t.

Let us describe a model of dynamic obstacle motion with the possibility of
"repulsion” from static obstacles, which will simulate the movement of people and other
mobile cargo robots in the working zone.

— basic kinematics based on integration of speeds for a step (k)
discretization At:

®3)

pik+1 = pik + VikAt - (8)
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Model (8) predicts the next obstacle position.
— we define the conditions for preventing passage through static obstacles,
through the obstacle disk collision predicate O;:

coIIideS(pi):{l’a(x’y)egzié;’y_ pi)sr‘, 9)

where: collideg( p;) —is a collision check function for the i -th dynamic obstacle, and

determines whether the moving object is in contact with the static obstacle.
The value of this function is used to change the obstacle's speed (reflection)
and prevent it from entering the forbidden area. If collides(pf**) = 1, then
velocity reflection is applied.
Model (9) ensures that dynamic obstacles do not pass throughO, but are
reflected.
The next step is to develop a model of a mobile platform on a grid, that is, we
will implement the simulation of the robot's movement in cells along the found route.
— robot state:

s =(xk.v¥) 9, (10

where: S'Fi — state vector of the mobile robotic platform at a point in time k, which

determines the current position of the robot in the workspace and is used by
the D* Lite algorithm as the initial vertex of the graph to build the optimal route
to the target point; xX — coordinate of the robot along the axis X at a point in
time k; y7 — coordinate of the robot along the axis Y at a point in time k.

The robot state model (10) describes the current position of the mobile platform
in the digital environment and is a key parameter for implementing navigation, route
replanning, and ensuring safe movement in a dynamic workspace using the D* Lite
algorithm and QR-defined target points.

— discrete control, describes at each step the robot moves to the neighboring
cell when using 8-connectivity:

spt=sk +u,
U ={(+1,0),(0,£1),(£L,£1)}, (11)
where: S§+1 — robot state vector at the next time point k + 1; u¥ — discrete control

vector at a point in time k; U — the set of permissible control actions,
determines all possible directions of robot movement (8-connected robot
movement (up, down, left, right and diagonally)) on a discrete map.

Model (11) provides a mathematical connection between the current and next
state of the robot, allows you to simulate the trajectory execution in time and is used
to update the robot position, check the achievement of the target point and form the
actual trajectory of movement in a dynamic environment.

Let us develop the formulation of the planning problem based on graph
theory [21]. Let us construct a state graph:

V=free(t)c G, £={(s,s')|seNbr(s)nV}, (12)

where: ) — the set of vertices of the state graph that corresponds to all permissible
(free) coordinates of the workspace that can be used by the mobile robotic
platform for movement and route construction; free(t) — the set of free cells in
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the workspace at a time t; £ — the set of edges of the state graph that defines
all possible transitions between permissible states of the robot and forms the

graph structure for the trajectory planning algorithm; ('s,s’)— an ordered pair

of graph vertices that defines a possible transition of the robot from states to a
neighboring state S’ according to the permissible directions of movement;
Nbr(s) — set of neighboring states for a state s, which defines all possible
coordinates to which the robot can move in one step according to the discrete
control model.

— transition cost:

1]|s—s; [[=1(orthogonal )
c(s,s')= \/§,||s—si||:2(diagonally), (13)

w,ifs ors e O(t)

where: C(s,s") — local step price; 0(t) — actual obstacles.

Using the D* Lite method, we implement an incremental search for the shortest
path [22]. Let sg4,, b€ the initial position of the robot, and accordingly 54,4, —is a goal,

provided that D* Lite supports two functions: g(s) — current estimate of the cost of

the best path from s to goal; rhs(s) — “one-step lookahead” assessment.
— definition rhs:

0,s= Sgoal

min | c(S,S")+g(S")|,S# Sgoa

s'eSucc(s) ( ) g( )] goal

where: Succ(s) — the set of successor states that are adjacent to state s and can be
reached in one movement step according to the discrete control model;

min  — the minimum operator, which determines the smallest possible
s'eSucc(s)
total cost of movement to the goal through all permissible neighboring states,
ensuring the choice of the optimal direction of movement.

Model (14) provides the calculation of a local estimate of the cost of movement
to the target point and is used by the D* Lite algorithm to determine the consistency of
states, update the priority queue and incrementally replan the optimal route of a mobile
robotic platform in a dynamic environment.

— let us describe the consistency of states s:

g(s)=rhs(s). (15)
Expression (15) describes the condition that D* Lite updates only “inconsistent”
vertices. By “inconsistent” vertices we mean such graph states for which the value of

the cost function ¢ (S) is not equal to the value of the one-step estimate rhs(s), which

indicates the presence of outdated or incorrect information about the optimal cost of
reaching the target point.

—to increase the speed of search and reduce the replanning time, it is proposed
to use the weighted Chebyshev heuristic [23]:

h((Sstart »S) = W- max(|x — x| .|y = ¥q[), w1, (16)
where: w — heuristic weighting factor; h(-) — heuristic evaluation.

rhs(s)= (14)
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— priority key, allows you to determine the order of processing vertices in the
priority queue. D* Lite uses the priority queue U with the key:

k(s)=[ku(s) ka(s)]. (17)
where:

k (s)=minmin(g(s).rhs(s))+N(Sgar.S) +Ky. Ky (s)=min(g(s).rhs(s)). (18)

where: k(s) — vertex priority key vector s, which is used by the D* Lite algorithm to

determine the order of processing states in the priority queue and ensures

correct and efficient re-planning of the route of the mobile robotic platform;

ki(s) — the first component of the key, which determines the priority of the

vertex taking into account the current minimum estimate of the cost of

achieving the goal and the heuristic distance from the current position of the

robot to the state s, used to determine the most promising direction for route

search; k,(s) — the second key component, which determines the current

lowest estimate of the cost of reaching the target point from the states without

taking into account heuristics and is used as an additional criterion for ordering
vertices.

— update when the dynamics of the environment change, necessary for

calculating when the map changes (cells become occupied/free), edges change

C(S,S’). Let the set of changed cells be:
A0 =(O(t\O(t—t)) U (O(t— AN\ O(1)), (19)
where: AO — a set of changed cells of the occupancy map, which defines all
coordinates of the workspace whose state has changed between two
consecutive points in time, and is used by the D* Lite algorithm for local
replanning of the trajectory of a mobile robotic platform; 0(t) — set of occupied
cells at the current time t, which includes all cells occupied by static and
dynamic obstacles after their movement; O(t — At) — set of occupied cells at
the previous point in time t — At, which describes the state of the occupancy
map before updating the position of dynamic obstacles; 0(t)\0(t — At) — a set
of newly occupied cells that were free at the previous time point but became
occupied due to the movement of dynamic obstacles; 0(t — At)\O(t) — a set
of cells that were occupied at a previous point in time but became free after
the movement of dynamic obstacles.

Model (19) provides the definition of local changes in the structure of the
workspace, which allows the D* Lite algorithm to update only those vertices of the
graph that have been affected by environmental changes and effectively perform
adaptive replanning of the route of a mobile robotic platform in a dynamic environment.

To obtain a sequence of cells (path) for the robot’s movement, policy extraction
is not necessary. After D* Lite convergence, the route from s+ IS built greedily [24].
Greedy route recovery means that after the D* Lite algorithm is completed, the
trajectory is built by sequentially selecting the next state that has the minimum total
cost estimate of the transition to the target point according to the cost function. At each
step, the robot chooses the most optimal neighbor based on the locally best value,
without reviewing all possible alternative paths, which allows for a quick formation of

the final route. This approach uses the already calculated values of the function ¢ (S)
and provides efficient recovery of the optimal trajectory in a dynamic environment:
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Sk = arg MiNgcgyeq( S.) I:C(S’S’) +9g (S):I »So = Sstart - (20)
Let's imagine QR tags as a model for determining the goal (s4,4;), that is, QR
tags will be "anchors” on the basis of which the mobile platform's movement route in
dynamic space will be built.
— target observation, let the camera give the z dimension (text from the QR
code), which is converted into goal coordinates:

2¢Sqoal = ()A(g Vg ) (21)

where: z — observation vector obtained from the sensor system (laptop camera),
which contains QR tag data and is used as input information to determine the
coordinates of the target point of the mobile robotic platform's route; ¢ — an
observation decoding function that processes QR tag data and converts the
information message z in the coordinates of the target state of the robot in
discrete space; ;4,4 — estimated (determined based on observation) state of

the target point, which is used by the planning algorithm as a new final vertex

of the graph for route construction; X, — estimated coordinate of the target

point along the axis X, obtained as a result of decoding a QR tag, which dete-
rmines the horizontal position of the target in the workspace; J, — estimated
coordinate of the target point along the axis Y, obtained by decoding a QR tag,
which determines the vertical position of the target in the workspace.

Model (21) provides integration of QR tag sensor data into the motion planning
system, allowing the mobile robotic platform to determine new target coordinates in
real time and adaptively rebuild the route according to the received information.

— "keypoint" logic, implements sequential movement between key points, which
are set via QR code or manually by the operator. That is, after reaching the current
target:

Sr = Sgoa1 = L0 €XPECt & New ones,; , (22)

where: sy —the current state of the mobile robotic platform, which determines its actual
position in a discrete workspace and is used to control the route execution
process.

The logic in (22) ensures the sequential execution of navigation tasks by
controlling the achievement of the current goal and the automatic transition of the
system to the new coordinate waiting mode, which allows for the implementation of
step-by-step movement of the mobile robotic platform between specified control points
in a dynamic environment.

The developed mathematical software allows for the formalization of the
process of building a mobile platform route in a dynamic environment by integrating a
discrete space model, a dynamic occupancy map and the incremental D* Lite
algorithm, which provides adaptive trajectory replanning when the position of obstacles
changes. The use of a target observation model based on QR tags provides the ability
to quickly set new key coordinates in real time without the need for prior route
programming, which increases the flexibility and autonomy of the system. The
introduction of the functions g(s),rhs(s) and the priority key k(s) allows for efficient
local updating of only those areas of the graph that have undergone changes, which
significantly reduces computational costs and increases the speed of the method. The
general occupancy map model ensures correct consideration of both static and
dynamic obstacles, which increases navigation safety and eliminates the construction
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of trajectories through impassable areas. Taken together, this provides high
adaptability, computational efficiency and suitability of the method for practical
application in automated logistics systems and Industry 5.0 environments [25-26].

3. Conducting numerical simulations of the route construction for a mobile
robotic platform and analyzing the results obtained

The purpose of the experiment is to verify the performance and effectiveness of
a numerical model of mobile platform navigation in a dynamic space with static and
dynamic obstacles based on D* Lite incremental replanning and operational goal
setting via QR tags.

Tasks that need to be solved to achieve the goal:

1. Generate a discrete map of the working area G and static occupancy map
O, with correct traversability constraints.

2. Model dynamic obstacles as moving circular regionsO,(t) with physically
correct interaction with static obstacles (without passing through them) and reflection
from boundaries.

3. Construct a graph of possible states ) = free (t) < G and a set of transitions

& and implement route search to the destination D* Lite with functions g(s),rhs(s)

and a key k(s).

4. Provide incremental replanning when the set of occupied cells changes AO
with updating only locally influential vertices.

5. Implement a cycle of consecutive key points “achieving the goal — choosing
the input method — obtaining a new s,,,, — replanning”, including QR mode with
frame fixation until the goal is reached.

6. Provide real-time route and trajectory animation and collection of
performance metrics to assess the speed and stability of work;

Expected results: the robot stably builds and executes the route to sequentially
specified goals without entering occupied cells, when moving dynamic obstacles,
correct local replanning occurs without complete recalculation from scratch. Dynamic
obstacles do not cross static areas thanks to the collision and reflection model, and the
collected metrics demonstrate an acceptable step calculation time.

Input data for numerical modeling:

— W=70,H=42 — width and height of the map in cells;

— speed =9 —random generator seed for reproducibility of obstacle configuration
and starting point;

— dt=0.25 — simulation time step for updating interference dynamics and
replanning frequency;

— heuristic_weight = 1.3 — heuristic weight in D* Lite for a trade-off between
speed and optimality;

—movers = (vy, vy, T) — parameters of each dynamic obstacle that specify the
speed of movement and occupancy radius;

— goal_input — way of forming an observation z and converting it into
coordinates 3444

Description of hardware for conducting the study: Microsoft Surface Pro 9 with
the following parameters: CPU Deca-core Intel Core i7-1255U (1.7 — 4.7 GHz), GPU
Iris Xe Graphics, RAM 16Gb, SSD 512.

Software: Windows 11 Pro (version 24H2) OS type 64-bit operating system,
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processor based on x64 architecture.

Development environment for the program for numerical modeling PyCharm
2025.1.1.1 and programming language Python 3.13.7 [27-29].

The general view of the numerical simulation program interface for building a
mobile robotic platform route in dynamic space using QR tags is presented in Figure 1.
In the form of blue squares, static obstacles that model storage areas or production
equipment appear, as circles with a red dot appear as dynamic objects, which are
people or other mobile robots. The QR Camera window allows you to read QR codes
and build and display the route of a mobile robotic platform in real time.

The obtained numerical simulation results are presented in Figures 2-5. Table 1
also presents a step-by-step simulation experiment of building a mobile platform route
in dynamic space with obtaining the s4,,; coordinates from the QR code.

¥

D* Lite real-time planning (static + dynamic obstacles)
After reaching GOAL: terminal asks Manual/QR.
state=WAITING_GOAL | start=(27, 3) goal=(27, 3} | steps=267 replans=268 dyn_changes=2319 | mean_step_ms=0.88

ptat—{ -~

KRED "I‘QE (x.y)=(4147,12[32}

Fig. 1. General view of the program for numerical simulation in the mode of reading
the s 04 coordinates from the QR code

The obtained simulation results (Table 1) confirm that the mobile platform stably
builds an acceptable trajectory to each target point s,,,;, obtained from the QR code,
with automatic adaptation of the route to the configuration of static and dynamic
obstacles without collisions.

Qualitative analysis shows that the trajectory passes through topologically
optimal corridors of free space and maintains a safe distance to obstacles, while the
route structure changes according to the spatial location of the targets (65,3), (27,3),
(4,23), (22,39), (65,3), (27,3), (4,23), (22,39), (65,3), (27,3), (4,23), (22,39), which
confirms the correctness of the work of the incremental replanning. Numerically, the
length of the trajectories correlates with the Euclidean distance to the target and the
configuration of obstacles, demonstrating the efficient use of the available space
without excessive deviations, and the consistent achievement of all key points confirms
the convergence of the algorithm and its suitability for navigation in a dynamic
environment. This indicates the high accuracy of determining the target coordinates
through QR tags and the computational efficiency of the D* Lite method when updating
the occupancy map in real time.
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Table 1
Step-by-step presentation of building a mobile platform route in dynamic space with
obtaining sy, coordinates from a QR code

Point | Coordinates
number (x.y) QR code Route
&) W] Bi_..
1 (65,3) E ;i;;; EE i Biss mem
E . B Ei
- o HI_ . HEE
E : E mE I | [l
2 (27,3) i FEEERN G
mo . B
3 (4,23) EE
4 (22,39)

The fully constructed and executed route by the mobile platform, as a result of
the simulation, is presented in Figure 2.

The presented executed trajectory demonstrates that the mobile platform
successfully reached the target point, while the route is formed taking into account the
geometry of static obstacles and passes through available free space corridors without
crossing occupied areas. Qualitative analysis shows that the trajectory has a globally
optimal nature with local direction adjustments that correspond to the topology of the
environment and ensure safe obstacle avoidance while maintaining a sufficient margin
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of distance. Numerically, the length of the actual trajectory exceeds the Euclidean
distance to the target, which is an expected result in an environment with constraints.
However, the shape of the route indicates the efficient use of the available space and
the absence of unnecessary oscillations or inefficient cycles. This confirms the
convergence and computational efficiency of the D* Lite algorithm. This confirms the
correctness of the replanning model and its suitability for mobile platform navigation in
a structured dynamic environment.

©

Fig. 2. Executed trajectory (final snapshot)

The calculation time per step graph (Fig. 3) demonstrates the stable operation
of the D* Lite algorithm with a low average processing time, which is mainly in the
range of approximately 0.5-2 ms, which indicates the high computational efficiency of
incremental replanning. The presence of individual peaks up to 10-18 ms corresponds
to the moments of significant changes in the occupancy map or the need to update a
larger number of graph vertices. However, their limited number confirms the local
nature of the recalculation and the absence of a complete replanning. Overall, the
results confirm that the method provides a speed sufficient for real-time operation and
demonstrates stable performance even in a dynamic environment with moving
obstacles.

The graph (Fig. 4) shows that the length of the planned route decreases
monotonically as the mobile platform approaches the target point, which numerically
confirms the correctness of the D* Lite algorithm and the convergence of the planning
process. The maximum values of the route length are approximately in the range of
24-37 cells and correspond to the initial position of the robot relative to the target, while
a decrease to values of about 1-2 cells indicates the achievement of the target state.
Qualitatively, this behavior confirms that the algorithm performs optimal replanning
without the appearance of unstable or inefficient routes, ensuring a consistent and
effective reduction of the distance to the target in a dynamic environment.
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Last goal : (22, 39)

Total steps: 127

Executed path length: 150.196
Replans: 949

Mean step ms: 1.872

Max step ms: 17.998

Dynamic cell changes (total): 8586

Fig. 5. Results of numerical simulation calculations

The simulation results (Fig. 5) demonstrate that the mobile platform successfully
reached the final goal (22, 39)(22, 39)(22, 39), completing 127 movement steps with a
total trajectory length of 150,196 cells, which corresponds to the complex geometry of
the environment with constraints and the need to avoid obstacles. The average
calculation time of one step is 1,072 ms, which indicates the high computational
efficiency of the algorithm and its suitability for real-time operation, while the maximum
value of 17,990 ms corresponds to moments of intensive replanning during significant
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changes in the occupancy map. The total number of replannings, which is 949, and a
significant number of cell state changes (8,506) confirm the active dynamics of the
environment and at the same time demonstrate the ability of the algorithm to stably
adapt the route without losing convergence. Qualitative analysis confirms that the
trajectory is formed adaptively taking into account the current state of the environment,
ensuring safe and continuous movement of the platform to the target point. This
confirms the effectiveness of the developed mathematical software and its suitability
for use in intelligent logistics robotic systems.

4. Conclusions

As a result of the research, mathematical and software support for the a mobile
platform route constructing method in a dynamic environment using QR tags was
developed. It allows to formalize the navigation process based on a discrete occupancy
map and the incremental D* Lite algorithm. The obtained numerical simulation results
confirmed the operability of the proposed approach and its ability to provide adaptive
route replanning in a changing environment. The mobile platform successfully reached
the target point after completing 127 steps with a total trajectory length of 150,196
cells, which corresponds to a complex configuration of the workspace. It was
established that the average calculation time of one step is 1.072 ms, which ensures
the possibility of the system functioning in real time, and the maximum values of the
calculation time are associated with local route replanning when changing the obstacle
configuration and do not affect the overall stability of the algorithm. A significant
number of changes in the state of map cells and route replanning confirms the high
adaptability of the method to dynamic changes in the environment, while the algorithm
provides effective updating of only locally changed areas of space, which allows to
significantly reduce computational costs. Qualitative analysis of the constructed
trajectories showed that the routes are formed through topologically optimal areas of
free space and ensure safe avoidance of obstacles without collisions, which confirms
the correctness of the developed mathematical model and the effectiveness of its
software implementation. The results obtained confirm that the use of QR tags as a
source of coordinates of target points allows for flexible and operational control of the
mobile platform without the need for prior route programming, which increases the level
of system autonomy. The developed method can be used as a basis for creating
intelligent control systems for mobile robotic platforms in logistics and production
environments. A promising direction for further research is the integration of dynamic
obstacle motion prediction methods, the use of sensor data fusion, and the application
of artificial intelligence methods to increase the efficiency of route planning and ensure
a higher level of autonomy of mobile robotic systems.
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YucejnbHe MOJICTIOBAHHS MO0OYI0BH MApPUIPYTY MOOJIbHOI
po0oTH30BaHOI IJIAT(HOPMH B JUHAMIYHOMY NMPOCTOPI 3
BUKOpPUCTAHHAM QR-MiTOK

Y cyyacHux ymoBax po3BuTky Industry 5.0 Mmob6inbHi poboTusoBaHi nnatgopmu
BiZlirpaloTb KMOYOBY posib y 3abe3neyeHHi aBTomaTuaauii NoriCTUYHNX i BUPOBHNYMX
npouecis, Wo notpebye po3pobneHHs epeKkTMBHUX MeToAiB HaBirauil B AUHAMIYHOMY
cepenoBuLi 3i CTaTUMHUMK Ta pyxoMumun nepelukogamu. OcobnmBoi akTyarnbHOCTI
HabyBae 3agaya aganTUBHOMO (HOPMYBaHHA MapLUpyTy MepeMilleHHs Ha OCHOBI
CEHCOpPHOI iH(hopmauii, 3okpema QR-MITOK, SKi 4O3BONAITL ONepaTMBHO BU3HAYaTu
KoopOMHaTK UiNbOBMX TOYOK i 3abe3nedqyloTb THY4YKiCTb KepyBaHHS MOOBINbHO
nnaTtgopmoro.

O6’ekToM [pocnigpkeHHs € npouec nepemiweHHss MobinbHOI nnatgopmu y
ANCKPETHOMY ANHaAMIYHOMY pobo4YoMy NPOCTOPI.

MpeomeTomM gocnipkeHHa € wmeTon nobygoBu  mapwpyTy  MOBINbHOI
nNNaTgopMn 3 BUKOPUCTAHHAM iHKPEMEHTAlIbHOro anropuTtMy nepensiaHyBaHHSA Ta
MOAENi BU3HAYEHHS KOOPAMHAT Lini Ha ocHosi QR-miToK.

MeTol gocnigkKeHHA € po3pobneHHs MatemMaTU4HOl Mogesni Ta nporpamHol
peaniszauii metogy nobygoBuM ONTUMAanbHOrO MapwpyTy MobinbHOI nnatdopmn B
ANHaAMIYHOMY CcepefoBuLi 3  ypaxyBaHHSAM 3MiH KOHirypauii npocTtopy Ta
onepaTMBHOIO BU3HAYEHHSA KOOPAMHAT LiNIbOBUX TOYOK.

Y pocnigkeHHi BUKOPUCTAHO MEeToAM MaTeMaTUYHOro MOAertoBaHHs, Teopil
rpadis, YNCENbHOrO IHTErpyBaHHA, anropuTMIiB iIHKpEMEHTarnbHOro MOLUYKY LWAXY Ta
KOMM'IOTEPHOIO MOAESNIOBAHHA 3 BUKOPUCTAHHAM AUCKPETHOI KapTu 3aWHATOCTI.
HaykoBa HOBM3Ha pobOTM nonsrae y po3pobneHHi MatemaTuyHoro 3abeaneveHHs
metody nobygoBu MapwpyTy MoGiNbHOI nnatcdopmu 3 iHTerpadieto  mogeni
CMOCTEPEXEHHs UiNni Ha ocHoBi QR-MIiTOK, WO Oo3Bonse 3abesneynTtyn aganTuBHE
nepensiaHyBaHHs TPAEKTOPIT B peXnMi peanbHOro Yacy npu 3MmiHi ctaHy cepegoBuiia.
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OTpumaHi pesynbTaTm YUCENbHOrO MOAENOBaHHA NIOTBEPAXYIOTb €(EKTUBHICTb
3anpornoHOBaHOrO MeToAy, SKWA Hagjae 6e3nevyHe nepeMillleHHss MOOBiNbHOI
nnatopmn, agantueHe ob6XoMKeHHs nepeLwkoq Ta ctabinbHe JOCArHEHHS LinboBUX
TOYOK NPV BUCOKI 0B4mcnioBanbHin egekTnBHocTi. Po3pobneHa mogenbs AEMOHCTPYE
noTeHuian Ana BNPOBaKEHHS B iHTENeKTyarlbHi CUCTEMU KepyBaHHA MOOBINbHMMM
poboTammn Ta Moxe ByTM BUKOpUCTaHaA KK OCHOBA A4S NO4anbLIOro BAOCKOHANEHHS
anropuTMiB HaBirauii B ymoBax gUHaMI4YHOIo cepeaoBuLLa.

Knro4yoei cnoea: wmobinbHa poboTtmsoBaHa nnaTtgopma, nnaHyBaHHS
MapLupyTy, AMHaMidHe cepepoBuLle, anroputm D* Lite, kapTa 3anHATOCTI, YMceribHe
mMopaentoBaHHs, QR-MiTkK, iHKpemeHTanbHe nepennaHyBaHHs, aBTOHOMHa HaBiradis,
Industry 5.0.
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