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 Abstract: The paper considers an approach to developing 

a model for decentralized control of a group of collaborative 

robot manipulators, focused on increasing autonomy, 

adaptability, and safety in a dynamic production 
environment. The proposed solution allows minimizing 

dependence on centralized computing resources, reducing 

the risks of system failures, and ensuring effective 

interaction of robots in the joint performance of complex 

manipulation tasks. The results of the study demonstrate the 

prospects of decentralized models for implementing the 

concepts of Industry 5.0. 
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manipulators, multi-agent systems, adaptability, Industry 

5.0. 

I. INTRODUCTION 

The modern development of robotics is increasingly 

focused on the creation of collaborative systems capable of 

effectively interacting with humans and with each other in a 

shared working environment. The increasing complexity of 

production processes, the requirements for flexibility and 
increased productivity necessitate the development of new 

control models that ensure adaptability and reliability. Robot 

manipulators that perform complex manipulation tasks in 

conditions of limited space and high variability of actions 

attract particular attention. Traditional centralized control 

systems have significant limitations related to scalability, 

vulnerability to failures and high requirements for computing 

resources. In this context, decentralized control is a 

promising approach that allows reducing the risks of critical 

failures, increasing the level of agent autonomy and ensuring 

effective interaction in heterogeneous robot teams. Research 
in this area is becoming particularly relevant within the 

framework of the Industry 5.0 concept, which envisages 

harmonious cooperation between humans and robotic 

systems. At the same time, the lack of sufficiently developed 

models capable of taking into account the dynamics of the 

environment and the variability of teams determines the 

scientific and practical significance of the topic. Thus, the 

creation of a model of decentralized control of a group of 

collaborative robot manipulators is an important step in the 

development of effective, safe and adaptive robotic systems. 

II. DEVELOPMENT OF A MATHEMATICAL 

MODEL OF DECENTRALIZED CONTROL OF 

A GROUP OF COLLABORATIVE ROBOT 

MANIPULATORS 

The decentralized control model of a group of robots was 

chosen to ensure scalability and fault tolerance of the system, 

since the absence of a single control center minimizes the 

risk of failures in the event of a single node failure. This 

approach allows each robot to make decisions based on local 

information and data exchange with neighboring agents, 
which reduces delays and improves adaptability in a 

dynamic environment. To formalize the interaction between 

agents, a communication graph is used, which reflects the 

structure of connections between nodes and guarantees 

consistency of actions through consensus algorithms. The 

communication graph makes it possible to determine which 

robots exchange data and take into account restrictions on 

the communication range. In the framework of the study, the 

communication graph is described as a directed or undirected 

graph that provides symmetry or asymmetry of data 

exchange. 
 

𝒢(𝑡) = (𝒱, ℰ(𝑡)), |𝒱| = 𝑁 
(1) 

𝒩𝑖(𝑡) = {𝑗: (𝑖, 𝑗) ∈ ℰ(𝑡)} 

 

Where: 𝒱 - a set of vertices, where each vertex 

corresponds to a separate robot or agent of the system; 

ℰ(𝑡) - set of oriented or unoriented edges at a point in 

time 𝑡, which determine the presence of active 

communication channels between robots; 

|𝒱| = 𝑁 - the total number of robots (nodes) in the 

system, which determines the size of the network; 

𝒩𝑖(𝑡) - set of neighbors of a node 𝑖 at a point in time 𝑡, 

that is, those agents with which robot i can directly exchange 

data. 

In general, 𝒩𝑖(𝑡) = {𝑗: (𝑖, 𝑗) ∈ ℰ(𝑡)} indicates that a 

connection exists if the edge from i to j belongs to the set 

ℰ(𝑡). Thus, these parameters allow us to dynamically 

describe the topology of connections in a group of robots and 

ensure the correct operation of decentralized control 

algorithms. 

The safety conditions of Control Barrier Functions (CBF) 

in the end effector (EE) space are represented by three cases: 

- inter-robot distances (prevents robot collisions by 

ensuring a minimum safe distance) 

 

ℎ𝑖𝑗(𝑝
𝑖
, 𝑝

𝑗
) = ‖𝑝

𝑖
− 𝑝

𝑗
‖

2

− (𝑟𝑖 + 𝑟𝑗 + 𝑑𝑚)2

≥ 0 

(2) 

 

- from a person (determines an elliptical safety zone for 

a person, taking into account their predicted movement and 

uncertainty) 
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ℎ𝑖𝐻(𝑝
𝑖
, 𝑝

𝐻
) = (𝑝

𝑖
− 𝑝

𝐻
)

𝑇
∑(𝑡)(𝑝

𝑖
− 𝑝

𝐻
)

−1

𝐻

− 𝑅𝑠𝑎𝑓𝑒
2 (𝑡) ≥ 0 

(3) 

 

- from obstacles through SDF (the condition guarantees 

the avoidance of collisions with objects or walls, taking into 

account the changing environment): 

 

ℎ𝑖𝒪(𝑝
𝑖
) = 𝜙(𝑝

𝑖
, 𝑡) − 𝑑𝑚𝑖𝑛 ≥ 0 (4) 

 

Where: 𝑝
𝑖
, 𝑝

𝑗
 - positions of robots i and j in space; 

‖𝑝
𝑖

− 𝑝
𝑗
‖

2

 - square of the distance between two robots; 

𝑟𝑖, 𝑟𝑗 - radii of safe zones for each robot (taking into 

account their dimensions); 

𝑑𝑚 - additional minimum safety buffer between robots; 

𝑝
𝐻

 - position of a person in the work area; 

𝑅𝑠𝑎𝑓𝑒
2 (𝑡) - dynamic radius of the safe zone around a 

person; 

𝜙(𝑝𝑖 , 𝑡) - distance from the robot to the nearest static or 

dynamic obstacle at a given time𝑡; 

𝑑𝑚𝑖𝑛  - minimum permissible distance to an obstacle. 

The human model is represented as a dynamic obstacle, 

and consists of the following four basic parameters: 

- human state 

 

𝓎
𝐻

= [𝑝
𝐻
𝑇 , 𝑝̇

𝐻

𝑇
]

𝑇
∈ ℝ6 (5) 

 

Where: 𝓎
𝐻

 - the vector of the human state in the robot's 

workspace, including both position and velocity; 

𝑝
𝐻

∈ ℝ3 - vector of spatial coordinates (position) of a 

person in three-dimensional space, usually in the coordinate 

system of the work area or the robot's base system; 

𝑝̇
𝐻

∈ ℝ3 - vector of linear velocities of human movement 

(change in position over time); 

𝑝
𝐻
𝑇  - transposed position vector, used to form the 

complete state into a single column; 

𝑝̇
𝐻

𝑇
 - transposed velocity vector; 

ℝ6 - state space dimension: 3 coordinates for position and 

3 for velocity, total 6 components. 

- trajectory forecast for the forecasting horizon in time 

(𝑇𝐻): 

 

𝑇𝐻: 𝑝̂
𝐻

(𝑡 + 𝑘) (6) 

 

Where: 𝑇𝐻 - the time horizon, which determines the 

number of discrete steps in the future for which the person's 

position is predicted; 

𝑝̂
𝐻

(𝑡 + 𝑘) - predicted position of a person at a given 

moment in time 𝑡 + 𝑘, де 𝑘 ∈ [1, 𝑇𝐻 ]; 
𝑡 - current point in time from which the forecast begins; 

𝑘 - forecast step index within the horizon 𝑇𝐻, used for 

iterative trajectory prediction;  

𝑝̂
𝐻

 - the symbol "^" indicates that this is not a real 

position, but an estimate or prediction obtained from a 

motion model (for example, a CV model - constant velocity 

or using a Kalman filter). 

- a person's safety (comfort) zone: 

 

𝑅𝑠𝑎𝑓𝑒(𝑡) = 𝑅0 + 𝛼‖𝑝̇
𝐻

(𝑡)‖ (7) 

 

Where: 𝑅𝑠𝑎𝑓𝑒(𝑡) - the radius of the human safety 

(comfort) zone at time t, which determines the minimum 

distance at which the robot can approach the human without 

disrupting comfortable interaction; 

𝑅0 - basic (static) radius of the safety zone, which takes 

into account a person's personal space, even when they are 
stationary; 

𝛼 - a proportionality coefficient that determines how 

much a person's speed affects the size of the safety zone; 

larger values of α increase the zone at high speeds; 

‖𝑝̇
𝐻

(𝑡)‖ - the norm of the person's velocity vector at time 

t, which reflects the intensity of his movement; the faster the 

person moves, the larger the safety zone. 

Model 2.23 allows adaptively changing the size of the 

comfort zone depending on the person's behavior. 

- risk field, this is a Gaussian risk field around the 

predicted position of the person, where the risk decreases 

with distance according to the Mahalanobis distance: 

 

ℛ(𝑥, 𝑦) = 𝑒𝑥𝑝 (−
1

2
(𝑥 − 𝑝̂𝐻(𝑡))𝑇 ∑(𝑡)(𝑥

−1

𝑇

− 𝑝̂𝐻(𝑡))) 

(8) 

 

Where: ℛ(𝑥, 𝑦) - dimensionless risk intensity at a planar 

point 𝑥 = [𝑥, 𝑦]𝑇, i.e. the closer to the person, the higher the 

value (maximum 1 in the center); 

𝑥 = [𝑥, 𝑦]𝑇 - current 2D position in the work plane in 

which we assess the risk; used in planning EE/link 

trajectories; 

𝑝̂
𝐻

(𝑡) ∈ ℝ2 - predicted position of the person at time t, 

obtained from the prediction/filter model; 

(𝑥 − 𝑝̂
𝐻

(𝑡))
𝑇 ∑ (𝑡)(𝑥 − 𝑝̂

𝐻
(𝑡))−1

𝑇  - squared 

Mahalanobis distance, which measures "how many sigmas" 

a point x is from the center, taking into account directional 

uncertainty; 

exp (∙) – a set specifying a smooth risk decay; the 

absence of a normalizing factor means that this is a relative 

risk/cost field, suitable as an additional part of the objective 

function in QP/MPC or as a weight layer in CBF constraints. 

The local Quadratic Programming/Model Predictive 

Control (QP/MPC) control problem at speeds is such that at 

each step for robot i, QP is solved: 
 

min
𝑞̇𝑖

‖𝐽
𝑝,𝑗

𝑞̇
𝑖

− 𝑣𝑖
𝑡𝑎𝑠𝑘‖

𝑄𝑣

2
+ ‖𝑞̇

𝑖
‖

𝑅𝜏

2

+ 𝜆𝜇(𝜇
∗

− 𝜇
𝑖
(𝑞

𝑖
))

+

2

+ 𝜆𝜉‖𝐽
𝑝,𝑖

𝑞̇
𝑖

− 𝑣̂𝒩𝑖
‖

2
 

(9) 
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Where: 𝑞̇
𝑖
 - vector of joint velocities of robot i, the 

optimization variable to be found; 

𝐽
𝑝,𝑗

 - positional part of the Jacobian matrix for robot i, 

reflecting the relationship between the joint velocity and the 

linear velocity of the end-effector; 

𝑣𝑖
𝑡𝑎𝑠𝑘 - target speed of the working body (end effector) to 

perform a specific task (e.g., following a trajectory); 

‖𝐽
𝑝,𝑗

𝑞̇
𝑖

− 𝑣𝑖
𝑡𝑎𝑠𝑘‖

𝑄𝑣

2
 - the first term of the functional that 

minimizes the deviation from the desired end-effector speed 

with a weight matrix 𝑄
𝑣
, what determines the importance of 

this task; 

‖𝑞̇
𝑖
‖

𝑅𝜏

2
 - the second term that minimizes the energy or 

steering torque (due to the speeds), with a weight matrix 𝑅𝜏, 

which provides regularization for smoothing motion; 

𝜆𝜇(𝜇
∗

− 𝜇
𝑖
(𝑞

𝑖
))

+

2  - fine for violation of manipulability 

restrictions; 

𝜇
𝑖
(𝑞

𝑖
) - robot manipulability indicator 𝑖; 

𝜇
∗
 - minimum permissible value of manipulability; 

(∙)+- means the positive part (the penalty is activated if 

𝜇
𝑖

< 𝜇
∗
); 

𝜆𝜇 - weighting factor for this penalty; 

𝜆𝜉‖𝐽
𝑝,𝑖

𝑞̇
𝑖

− 𝑣̂𝒩𝑖
‖

2
 - term for matching the speed with the 

average speed of neighbors in the communication graph; 

𝑣̂𝒩𝑖
 - predicted or average speed of neighboring robots 

𝑁𝑖; 

𝜆𝜉 - the weight of this agreement, which determines the 

importance of coordination. 

III. RESULTS OF NUMERICAL MODELING 

AND ANALYSIS OF THE OBTAINED 

RESULTS 

To conduct a numerical simulation of the 

synchronization of physical and virtual collaborative robots, 

a time interval from 0 to 10 seconds was used, which was 

discretized into 500 points to ensure smooth graphs and 

accuracy of calculations. The trajectory of the physical robot 

was modeled as a sinusoidal function with an amplitude of 1 

and the addition of random noise with an intensity of 0,05, 

which simulates real fluctuations in sensor measurements. 
The virtual robot reproduced the same trajectory, but with a 

time shift of 0,2 seconds, which allows us to assess the 

system's ability to compensate for the delay between the 

physical and digital models. To analyze the synchronization 

error, we used the difference in the states of the physical and 

virtual robots at each time point. The neural network 

received normalized time data in the range from 0 to 1 as 

input, which allowed us to avoid the influence of scale in the 

calculations. The network architecture consisted of one 

hidden layer with 10 neurons, random weights were 

generated based on a normal distribution, and the ReLU 

activation function was used to model nonlinearity. The 
output of the network approximated the sine target function, 

which made it possible to evaluate the effectiveness of 

artificial intelligence in reproducing the dynamics of the 

robot's movement. Thus, the selected numerical parameters 

ensured the reproduction of both the physical characteristics 

of the robot and the process of its virtual synchronization 

using a digital twin. The obtained results of the numerical 

simulation are presented in  

Figures 1-3. 

 

 

Figure 1. – Synchronization of Physical and Virtual 

Collaborative Robots Graph 
 

Synchronization of Physical and Virtual Collaborative 

Robots (Fig. 1), shows the trajectories of physical and virtual 

collaborative robots, where their approximation and 

deviation during the synchronization process are visible. 

 

 

Figure 2. – Synchronization Error Over Time Graph 

 

Synchronization Error Over Time (Fig. 2) reflects the 

change in synchronization error over time, which makes it 

possible to assess the stability and efficiency of the robot 

motion coordination process. 

 

 

Figure 3. – Neural Network Approximation of Robot 

Dynamics Graph 

 

Neural Network Approximation of Robot Dynamics 

(Fig. 3) demonstrates the operation of a simple neural 

network that approximates the dynamics of robot motion and 

allows modeling the behavior of the system in real time. 

III. CONCLUSION 

The study showed that the use of digital twins in 

combination with artificial intelligence creates an effective 

tool for synchronizing physical and virtual collaborative 

robots in dynamic conditions. Numerical modeling 

confirmed the possibility of accurately reproducing the 

movements of a physical robot in a virtual environment, 

taking into account time shifts and sensor errors, which 

significantly increases the accuracy and reliability of control. 

The use of neural networks provided the possibility of 
adaptive learning of the system and approximation of 

complex dynamic characteristics to real scenarios, which is 

key for work in Industry 5.0 conditions. The results 

demonstrated the ability to reduce the average 

synchronization error and improve the stability of the 

interaction between the real and digital environments. The 

proposed approaches can be applied to build integrated 

control systems capable of quickly responding to changes in 

external factors and interaction with a person. The use of 
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mathematical models made it possible to analyze the main 

parameters of the system and determine the optimal 

operating modes of digital twins. The results obtained create 

the basis for further research aimed at developing hybrid 

control architectures using artificial intelligence methods 

and multi-agent models.  
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