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JIOJIATOK A
KOI[ mporpamMu 4YuCJICHHOT'O MOICIIFOBAHHA I[GHGHTpaJ'IiBOBaHOFO KCPYBaAHHA I'PYIIOTO

KOJIA00OpaTUBHUX POOOTIB-MaHIMYJSATOPIB Y €AUHIN poOoUiii 30H1

import numpy as np

import matplotlib.pyplot as plt

S
# IlapameTpu cUMyJIAIIii

S

GRID SIZE =50 # po3mip muckperHoi kapTu aist SDF/Bizyanizartii
DT =0.1 # KpOK 1HTErpyBaHHA (S)

T TOTAL =40.0 # 3arajJbHUN Yac CUMYJIALIT (S)

STEPS = int(T_TOTAL / DT)
NUM_ROBOTS =4

MAX SPEED =4.0 # m/c, 0OOMEKEeHHS IIIBUJIKOCTI
ROBOT_RADIUS =0.8 # edexTuBHUM pajiiyc podoTta (M)
INTER_ROBOT BUFFER = 0.2 # nonatkoBuit oydep (M)
CBF_GAMMA =2.0 # napamerp CBF (BuaKiCTh BiIIITOBXYBAHHS)
PROJECT _ITERS =6 # KIJIbKICTb 1T€paLliid MOCIIJOBHUX MPOEKIIH

# KOHCEHCYC
COMM_ RADIUS =12.0 # pazniyc 3B'A3Ky y OAUHUISX KapTH
LAMBDA XI=0.8 # Bara y3rojkeHHs msuakocrei (0..1)

# nepemkoau (OKpy>KHOCT1) -- popmar (X, y, 1)
OBSTACLES =

(18, 26, 5),

(35, 12, 4),
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(30, 35, 6),

# MOYaTKOBI/IITBORB] TTO3HUIIIT POOOTIB (B KOOpJMHATAX KAPTH)
starts = np.array([[3.0, 3.0],

[3.0, 46.0],

[46.0, 3.0],

[20.0, 40.0]])
goals = np.array([[46.0, 46.0],

[46.0, 3.0],

[3.0, 46.0],

[40.0, 6.0]])

# Mojenb T0IUHY (IUHAMIYHA TIEPENIKo/a)

# moyaTKoBa MO3UIIIS Ta IPOCTA MOEIb PYXY (IOBLIbHA TPAEKTOPIS)

human_pos = np.array([25.0, 25.0])

human_vel = np.array([0.05, 0.07]) # oauHuLi KapTh / s (IIBHIKICTH JIFOIUHU
y BUMIp1 KapTH)

RO =2.0 # 06a30BHil pajiiyc 30HU KoMDOpTy (M/01.)

ALPHA =1.5 # BIUTMB IIBUAKOCTI JIFOJAUHHA HA PaJlyC

# xoBapiartis (anizorporrisi) ;s Mahalanobis (2x2)
human_Sigma = np.array([[3.0, 0.5],
[0.5, 2.0]])

# SDF (BupaxoByeMO €BKIIIJIOBY BiJICTaHb [0 HAWOJMKYOi MEpenrkoan Ha
JTUCKPETHIHN CITII)
def compute_sdf(grid_size, obstacles):
# J1J1st KOKHOT KJIITUHYU 3HAXOJMMO MIHIMYM €BKJI1JI0BOi BIJICTaH1 JI0 IIEHTPIB

KOJIOBHX Mepenikoa minus their radius



sdf = np.full((grid_size, grid_size), 1e6, dtype=float)
Xs = np.arange(grid_size)
ys = np.arange(grid_size)
X, Y = np.meshgrid(xs, ys, indexing="i}')
pts = np.stack([X, Y], axis=-1) # shape (grid,grid,2)
for ox, oy, r in obstacles:
d=np.sgrt((X-ox) **2+ (Y -oy) **2) - r
sdf = np.minimum(sdf, d)
# outside obstacles distances positive; inside negative (if any inside)

return sdf

SDF = compute_sdf(GRID_SIZE, OBSTACLES)

# OyHKIIIT T0MTOMIXKHI

def norm(v):

return np.linalg.norm(v)

def unit(v):
n =norm(v)

return v/ nif n > 1e-9 else np.zeros_like(v)

def R_safe(t_speed):

""" A nanTUBHUM pajiyc 30HU KOMGBOPTY JTHOAUHU

return RO + ALPHA * t_speed

def mahalanobis_h(p, pH, Sigma, R_s):

d=p-pH
return float(d. T @ np.linalg.inv(Sigma) @ d - R_s ** 2)
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def sdf _at_point(p):

LLALAL DY

inTepnositist SDF (6inalinelip) aiis HEMOBHUX KOOPAUHAT

nmn

X, y=p

# clamp

x = np.clip(x, 0, GRID_SIZE - 1)

y = np.clip(y, 0, GRID_SIZE - 1)

X0 = int(np.floor(x)); x1 = min(x0 + 1, GRID_SIZE - 1)

y0 = int(np.floor(y)); y1 = min(y0 + 1, GRID_SIZE - 1)
dx=x-x0;dy=y-y0

v00 = SDF[x0, y0]; v10 = SDF[x1, y0]; vO1 = SDF[x0, y1]; vi1 = SDF[x1,

v0 =v00 * (1 - dx) + v10 * dx
vl =v01l* (1-dx)+vll*dx
v=v0*(1-dy)+vl*dy

return float(v)

def grad_sdf(p, eps=1e-2):

nan

yucenbHuM rpagaieat SDF""

X, y=p

sx = sdf at_point((x + eps, y)) - sdf_at_point((x - eps, y))
sy =sdf _at_point((x, y + eps)) - sdf at_point((x, y - eps))
g = np.array([sx, sy]) / (2 * eps)

n =norm(g)

return g/ (n + 1e-9)

def project_halfspace(vO0, a, b):

[Ipoexkriis BekTopa v0 Ha miBopocTip { v : a*T v >=b } 3a MiHimymoMm ||v -

SIku10 ymoBa Bk€ BUKOHY€EThCS, MoBepTaeMo vO0.



Inakme narimenma 3mina: v =v0 + ((b - a*T v0)/(||a|[*2)) * a
a = np.asarray(a, dtype=float)
denom=a @ a
if denom < 1e-9:
return vO
gap=a@vVv0-b
if gap >=0:
return vO

# 3MIIIYyEMO IO HAMPAMKY a

return vO + ((b - (a @ v0)) / denom) * a

# lHimianizanisi ctaHiB poOOTiB

positions = starts.copy().astype(float) # shape (N,2)
velocities = np.zeros_like(positions) # OTOYHI MBUIKOCTI
reached = np.zeros(NUM_ROBOTS, dtype=bool)

arrival_time = np.full(NUM_ROBOTS, np.nan)

# Jliia moryBaHHs

traj_logs = [ [positions[i].copy()] for i in range(NUM_ROBOTYS) ]
speed logs =[ [] for _inrange(NUM_ROBOTYS) ]

dist_obst_logs =[ [] for _inrange(NUM_ROBOTYS) ]
dist_human_logs = [ [] for _in range(NUM_ROBOTY) |
consensus_error_logs = [ [] for _in range(NUM_ROBOTS) ]

# BcromoratenpHbIC: 3HAUTH CYCIIIB MO paaiycy (T€OMETPUYHO)
def neighbors_of(i, positions, R_comm):

ni=[l

for j in range(len(positions)):

if j ==i: continue
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iIf norm(positions[j] - positions[i]) <= R_comm:

ni.append(j)
return ni

# CuMyJISIIIist KPOK 32 KPOKOM

time_axis = np.arange(0, T_TOTAL, DT)

for step, t in enumerate(time_axis):
# OHOBUTH MOJIEIIb JTIOAUHU (TIPOCTA JIIHIMHA MOJIEIh)
human_pos = human_pos + human_vel * DT
# clamp B Mex1 KapTu
human_pos = np.clip(human_pos, 0.0, GRID_SIZE - 1.0)
human_speed = norm(human_vel)

R_s = R_safe(human_speed)

# nna KokHOro pobota: (opmyemo OaxaHy MBHAKICTH (A0 1) +
Y3TOKEHHS 3 CyCilaMu
desired vs = np.zeros_like(velocities)
for i in range(NUM_ROBOTYS):
if reached([i]:
desired_vs[i] = np.array([0.0, 0.0])
continue
p = positions]i]
goal = goals][i]
to_goal =goal - p
dist_to_goal = norm(to_goal)
# K110 OJM3BKO JI0 L1 - 3yIIMHKA Ta JIOT Yacy
if dist_to_goal <0.8:
reached[i] = True
arrival_time[i] =t

desired_vsJ[i] = np.zeros(2)
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continue
# OakaHa MIBUIKICTH J0 HUT (MMpOMNopIIiiiHa, aje o0OMeKeHa)
v_goal = unit(to_goal) * min(MAX SPEED, dist to goal / 0.5) #
MIPOTIOPIIIS IJIsI TJIABHOCTI
# KOHCEHCYC: ycepeIHeHa MBUAKICTh CYCIIIB (K €CKi3 TPAEKTOPii)
neigh = neighbors_of(i, positions, COMM_RADIUS)
if len(neigh) > O:
v_neighbors = np.mean(velocities[neigh], axis=0)
else:
V_neighbors = np.zeros(2)
# kom0OinyeMo (BukopuctoByeMo LAMBDA X1 sik Bara Juist y3ro»KeHHsI)
desired_vs[i] = (1 - LAMBDA XI) * v goal + LAMBDA XI *

V_neighbors

# U1l KOKHOTO poboTa dopMyeMo HaOip JIHIHHUX OOMEXeHb A Vv >= b 1
MPOEKINEI0 3HAX0IUMO O€3MeYHY MIBUAKICTD
next_vs = np.zeros_like(velocities)
for i in range(NUM_ROBOTYS):
v0 = desired_vsJi].copy()

p = positions[i]

# 30upaemMo oOMexkeHHs (a, b)
A list=1]
b list=1]

# 1) Mexi no mBunakocti: |[v|| <= MAX SPEED --> ne He niHiiine,
peanizyeMo K POEKITII0 KpyTa:
# Ane MU NPUMEHUMO II€ MICJIS JIHIMHUX MPOEKIIii: TPOCTO 0OMEKUMO

JOBXXHHY BEKTOpa MI3HIIIE.
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# 2) CBF mix pobotamu: h ij=|p-p_j||*2-(r_i+r j+d m)*2>=0
for j in range(NUM_ROBOTYS):

iIf | ==i: continue
pj = positions[j]
rij = ROBOT_RADIUS + ROBOT_RADIUS +

INTER_ROBOT_BUFFER

1o3a)

dp=p-pj

h_ij =dp @ dp - (rij) ** 2
#V_ph=2(p-pl)

grad h=2.0*dp

# constraint: grad_h"T v >= -gamma * h
a=grad_h

b =-CBF_GAMMA * h_ij

A _list.append(a)

b_list.append(b)

# 3) CBF mna mogunun: h_iH = (p - pH)AT Sigma™{-1} (p - pH) - R_s"2 >=

dpiH =p - human_pos

h_iH =dpiH.T @ np.linalg.inv(human_Sigma) @ dpiH - R_s ** 2
grad_hH = 2.0 * (np.linalg.inv(human_Sigma) @ dpiH) # gradient wrtp
aH =grad_hH

bH =-CBF_GAMMA * h_iH

A _list.append(aH)

b_list.append(bH)

# 4) Ilepemkonu (SDF)

phi =sdf at point(p) # BimcTanb 70 HAWOIKUYOT MEPENTKOAM (TO3UTUBHA

grad_phi = grad_sdf(p)



#h_10 =phi-d_min>=0 ->grad_phi*T v >=-gamma * h_iO
d_min =ROBOT_RADIUS + 0.2
h_iO = phi - d_min
a0 = grad_phi
bO = -CBF_GAMMA * h_iO
A _list.append(aO)
b_list.append(bO)
# Tenep mocmimoBHi npoekitii (POCS-like)
v_safe = v0.copy()
for _inrange(PROJECT _ITERS):
for (a, b) in zip(A_list, b_list):

v_safe = project_halfspace(v_safe, a, b)

# 0OMEXXEeHHSI 110 MaKCUMAaJIbHIN MIBUAKOCTI (HOpMa)
speed = norm(v_safe)
if speed > MAX_SPEED:

v_safe = v_safe * (MAX_SPEED / speed)

next_vs[i] = v_safe

# OHOBJICHHS CTaHy (MOJO0KEHHS)
positions = positions + next_vs * DT

velocities = next_vs.copy()

# JIOTYBaHHSI

for i in range(NUM_ROBOTS):
traj_logs[i].append(positions[i].copy())
speed_logs[i].append(norm(velocities[i]))
# BIJICTaHb 10 HAWOJIUKYOI MEPEIIKOAM (B TOUIIL P)

dist_obst_logs[i].append(sdf_at_point(positions][i]))
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# BIJICTaHb JI0 JIIOIMHU

dist_human_logs][i].append(norm(positions[i] - human_pos))

# KOHCEHCYC MOMUJIKA: PI3HUII 0akaHOTO VS (PaKTUYHOTO 3 ypaxyBaHHSIM

CycCifiB

neigh = neighbors_of(i, positions, COMM_RADIUS)

if len(neigh) > O:
avg_v = np.mean(velocities[neigh], axis=0)
consensus_error_logs[i].append(norm(velocities[i] - avg_V))

else:

consensus_error_logs[i].append(0.0)

# nepeBipka 3aBepIIeHHS (BCl JOCSTIIH II1IeH )

if np.all(reached):
print(f"¥Yci pobotu nocarnu uinei Ha yaci t = {t:.2f} s")
break

# Ilicns cumysiswii: miAroToBKa rpadikis

# IlepeTBOPUMO JIOTH B 3py4YH1 MaCUBU

traj_arrays = [np.array(tr) for tr in traj_logs]
spd_arrays = [np.array(s) for s in speed_logs]
dist_obs_arrays = [np.array(d) for d in dist_obst_logs]
dist_h_arrays = [np.array(d) for d in dist_human_logs]

cons_err_arrays = [np.array(c) for c in consensus_error_logs]

# 1) Tpaektopii Ha GOHI KapTH MEPEUTKO/] Ta JIOIUHU (PU3UKOBE TOJIC)

plt.figure(figsize=(8, 8))

# BigoOpasumo SDF sk koHTypu

X, Y = np.meshgrid(np.arange(GRID_SIZE), np.arange(GRID_SIZE),
indexing="ij")
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plt.contourf(X, Y, np.clip(SDF, -5, 10), levels=40, cmap="coolwarm’,
alpha=0.6)
# mepemKoan
for (ox, oy, r) in OBSTACLES:
¢ = plt.Circle((oy, 0x), r, color="'k’, alpha=0.6)
plt.gca().add_patch(c)
# nMroauHa: JoKalis Ta emnc (mah)
from matplotlib.patches import Ellipse
plt.scatter(human_pos[1], human_pos[0], c='yellow', edgecolors='k’, s=120,
label="Human")
# emnTUYHUYN pU3UK (2 sigma)
eigvals, eigvecs = np.linalg.eig(human_Sigma)
angle = np.degrees(np.arctan2(eigvecs[0,1], eigvecs[0,0]))
ell = Ellipse((human_pos[1], human_pos[0]), width=2*np.sqrt(eigvals[1])*2,
height=2*np.sqrt(eigvals[0])*2,
angle=angle, edgecolor="yellow', facecolor="none’, lw=1.5, Is="--')
plt.gca().add_patch(ell)

colors=[Tr,'g",'b', 'm', 'c']

for i, traj in enumerate(traj_arrays):
plt.plot(traj[:,1], traj[:,0], color=colors[i], label=f'Robot {i+1}")
plt.scatter(starts[i,1], starts[i,0], marker="o'", color=colors[i])
plt.scatter(goals[i,1], goals[i,0], marker="x', color=colors[i])

plt.title('Tpaexropii po6otiB Ha Poni SDF (koHTYp) Ta nepenikon’)

plt.xlim(-1, GRID_SIZE)

pltylim(-1, GRID_SIZE)

plt.gca().invert_yaxis()

plt.legend()

plt.xlabel("Y"); plt.ylabel("X")

plt.grid(True)
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# 2) lIBuaKiCTh KOXXHOTO poOOTa B Haci
plt.figure(figsize=(10, 6))
for i in range(NUM_ROBOTYS):
plt.plot(spd_arrays[i], label=f'Robot {i+1}")
plt.title('LLIBuaKOCTI pOOOTIB B Yaci')
plt.xlabel('Kpoku (dt = {:.2f}s)".format(DT)); plt.ylabel('llIBuakicTs (0a/c)")
plt.legend(); plt.grid(True)

# 3) Bigcranb g0 nepemkon y yaci (SDF)
plt.figure(figsize=(10, 6))
for i in range(NUM_ROBOTYS):

plt.plot(dist_obs_arraysJi], label=f'Robot {i+1}")
plt.title('Bincrans no Hai6mmkuoi nepemkoau (SDF) B gaci')
plt.xlabel('Kpoku'); plt.ylabel('SDF (oaunuiii kaptu)')
plt.legend(); plt.grid(True)

# 4) Biactanb 10 JIIOAWMHYU y Yaci
plt.figure(figsize=(10, 6))
for i in range(NUM_ROBOTYS):

plt.plot(dist_h_arrays]i], label=f'Robot {i+1}")
plt.title('Biactans Big pobota 110 rouHu (B yaci)')
plt.xlabel('Kpoku'); plt.ylabel('Bincrans (onunuii kaptu)')
plt.legend(); plt.grid(True)

# 5) Ilomuiika KOHCEHCYCY

plt.figure(figsize=(10, 6))

for i in range(NUM_ROBOTYS):
plt.plot(cons_err_arrays[i], label=f'Robot {i+1}")

plt.title('TlomMmusnika koHCEHCYCY (BIAXUIIEHHS BiJl CEPEIHBOT IIBUJIKOCTI CYCI/IIB)')
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plt.xlabel('Kpoku'); plt.ylabel('Tlomunka (HOpMEH BekTOpy)'); plt.legend();
plt.grid(True)

# 6) bap-niarpama yacy JOCSTHEHHS LTI

plt.figure(figsize=(8, 5))

arr_times = np.where(np.isnan(arrival_time), T_TOTAL, arrival_time)

plt.bar(np.arange(1, NUM_ROBOTS+1), arr_times,
color=colors[:NUM_ROBOTS])

plt.title("Yac mocsarHeHHs 1l (AKIIO HE JOCATHYTO, moka3zaHo T _TOTAL)")

plt.xlabel('Po6oT'); plt.ylabel("Hac (s)'); plt.grid(axis='y")

plt.show()
# BuBix ymcen o poborax
print("\nPe3tome mo podoTax:")
for i in range(NUM_ROBOTYS):
total_path_len = traj_arrays[i].shape[0]
avg_speed = np.mean(spd_arraysJi]) if spd_arrays[i].size>0 else 0.0
t arr = arrival_time[i] if not np.isnan(arrival_time[i]) else None
print(f"Robot {i+1}: Path steps = {total path len}, Avg speed

{avg_speed:.3f}, Arrival time = {t_arr}")
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Development of a model for decentralized control of a

group of collaborative robot manipulators

Svitlana Maksymova !, Pavlo Shakhov?

1. CITAR Department, Kharkiv National University of Radio Electronics, UKRAINE,
Kharkiv, Nauki Ave. 14., e-mail: svitlana.milyutinaf@nure.ua (@nure.ua
2. CITAR Department, Kharkiv National University of Radio Electronics, UKRAINE,
Kharkiv, Nauki Ave. 14., e-mail: pavlo.shakhov{@nure.ua

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 nsks of system faillures, and ensuning effective
mteraction 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.

Keywords: decentralized control, collaborative robot
manipulators, multi-agent systems, adaptability, Industry
5.0.

[. 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 15 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
mn this area 1s 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 dynamucs of the
environment and the varnability of teams determines the
scientific and practical sigmficance of the topic. Thus, the
creation of a model of decentralized control of a group of
collaborative robot manipulators 1s 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 mimmizes 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 1s used, which reflects the
structure of connections between nodes and guarantees
consistency of actions through consensus algorithms. The
commumcation 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
commumcation graph is described as a directed or undirected
graph that provides symmetry or asymmetry of data
exchange.

GO =wew. vl=N
S (
N ={j: ) e &w}

Where: V - a set of vertices, where each wvertex
corresponds to a separate robot or agent of the system;

E(t) - set of oriented or unoriented edges at a point in
time ¢, which determine the presence of active
communication channels between robots;

|17| = N - the total number of robots (nodes) in the
system, which determines the size of the network;

W, (t) - set of neighbors of a node i at a point in time ¢,
that 1s, those agents with which robot 1 can directly exchange
data.

In general, Nl-(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:

- 1nter-robot distances (prevents robot collisions by
ensuring a mimimum safe distance)

4
h‘f(pi'pf) = ”P; P " — ity +dy)’ 2)
>0

- from a person (determines an elliptical safety zone for
a person, taking into account their predicted movement and
uncertainty)
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-1
hih’(pi' pH) = (p!. - pH)TZ (t) (pi - pu) (3)

H
— Rl ()20
- from obstacles through SDF (the condition guarantees
the avoidance of collisions with objects or walls, taking into
account the changing environment):

h'.f{? (p!) = (f)(py t) - dm['n =0 (4]

Where: p,, - positions of robots i and j in space;
2
- square of the distance between two robots;

”pr P

1y, T; - radil of safe zones for each robot (taking into
account their dimensions);

dy, - additional minimum safety buffer between robots;

py, - position of a person in the work area;

Riu‘,-e (t) - dynamic radius of the safe zone around a
person;

¢(p;, t) - distance from the robot to the nearest static or
dynamic obstacle at a given imet;

d i - 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

.7, T
4, = [pl.b,] ER® (5)

Where: ¢, - the vector of the human state in the robot's
workspace, including both position and velocity:

py € R® - 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;

,?3” € R? - vector of linear velocities of human movement
(change in position over time);

pi, - transposed position vector, used to form the
complete state into a single column;

pi - transposed velocity vector;

R - state space dimension: 3 coordinates for position and
3 for velocity, total 6 components.

- trajectory forecast for the forecasting horizon in time

(Ty):
Ty Byt + k) (6)

Where: Ty - the time horizon, which determines the
number of discrete steps in the future for which the person's
position 1s predicted;

ﬁH(t + k) - predicted position of a person at a given
moment in time t + k, ne k € [1,T,];

t - current point in time from which the forecast begins;

I - forecast step index within the horizon Ty, used for
iterative trajectory prediction;
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ﬁy - 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} =Ry + a”pH(t)” (7

Where: Rmﬁ,(t) - the radius of the human safety
(comfort) zone at time f, which determines the minimum
distance at which the robot can approach the human without
disrupting comfortable interaction;

Ry - basic (static) radius of the safety zone, which takes
into account a person's personal space, even when they are
stationary;

@ - a proportionality coefficient that determines how
much a person's speed affects the size of the safety zone;
larger values of a increase the zone at high speeds;

||pH (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.

- nsk field, this 15 a Gaussian nsk field around the
predicted position of the person, where the nsk decreases
with distance according to the Mahalanobis distance:

R(x,y) =exp (—% (x — pu(t)’ Z(f)(x
T (8)
- ﬁu(t)))

Where: R(x, y) - dimensionless risk intensity at a planar
point x =[x, y|7, i.e. the closer to the person, the higher the
value (maximum 1 in the center);

x = [x,y]" - current 2D position in the work plane in
which we assess the nsk; used i planmng EE/Mlink
trajectories;

ﬁy(t) € R? - predicted position of the person at time 1,
obtained from the prediction/filter model;

=P, 'O -p, ) -
Mahalanobis distance, which measures "how many sigmas”
a point x 1s 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 1s 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 1s such that at
each step for robot 1, QP 1s solved:

squared

n’:}iln||,',,,j¢,- - Vf“’*HZ_F + ||l?||,2e
+ 4,0, — 1 (g )} ©)

T
+ el = ol
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Where: g, - vector of joint velocities of robot i, the ensured the reproduction of both the physical characterisiics
. of the robot and the process of its virtual synchromzation

optimization variable to be found; A iy . - .
P using a digital twin. The obtained results of the numerical

1, - positional part of the Jacobian matrix for robot i,

simulation are presented n
reflecting the relationship between the joint velocity and the Figures 1-3.
linear velocity of the end-effector;
v%% . target speed of the working body (end effector) to ey, = N
perform a specific task (e.g., following a trajectory); ~ .‘\ v, N
2 # S
||jw.t}[. - vf“kll - the first term of the functional that gy A -
@y e
inimizes the deviation from the desired end-effector speed
rrintmLzes e ceviahion from the desired end-etiecior spee Figure 1. - Synchronization of Physical and Virtual
with a weight matrix Qv, what determines the importance of Collaborative Robots Graph
thas task;
||q1”2 - the second term that minimizes the energy or Synchromzation of Physical and Virtual Collaborative
TR ) ) ] Robots (Fig. 1), shows the trajectories of physical and virtual
steering torque (due to the speeds), with a weight matrix R, collaborative robots, where their approximation and
which provides regularization for smoothing motion; deviation during the synchronization process are visible.

A (pe, — ,ui(q!_))i - fine for violation of manipulability L
restrictions; ‘

14.(q,) - obot manipulability indicator i; : "‘Jl? - k-'hk M ..)',H‘,"*q' -A;'M

(0. oot maipl - ot Vg PN, Y

4, - minimum permissible value of manipulability; i1y i |1 sl ¥

(), - means the positive part (the penalty is activated 1f ' '
o<

A, - weighting factor for this penalty; 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 2. — Synchromzation Error Over Time Graph

.Fl(",fpif][. - ﬁm ||2 - term for matching the speed with the
average SiJEEd of neighbors in the communication graph;

g_‘”‘l - predicted or average speed of neighboring robots
N

Ag - the weight of this agreement, which determines the

importance of coordination.

III. RESULTS OF NUMERICAL MODELING - '
AND ANALYSIS OF THE OBTAINED Figure 3. — Neural Network Approximation of Robot

Dynamies Graph
RESULTS yhamics Srap
To conduct a numerical simulation of the Neural Network Approximation of Robot Dynamics
synchronization of physical and virtual collaborative robots, (Fig. 3) demonstrates the operation of a simple neural
a time interval from 0 to 10 seconds was used, which was network that approximates the dynamics of robot motion and
discretized into 500 points to ensure smooth graphs and allows modeling the behavior of the system in real time.

accuracy of calculations. The trajectory of the physical robot

was modeled as a sinusoidal function with an amplitude of 1 III. CONCLUSION

and the addition of random noise with an intensity of 0,05, The study showed that the use of digital twins in
which simulates real fluctuations in sensor measurements. combination with artificial intelligence creates an effective
The virtual robot reproduced the same trajectory, but with a tool for synchronizing physical and virtual collaborative
ume shift of 0.2 seconds, which allows us to assess the robots in dynamic conditions. Numerical modeling
system's ability to compensate for the delay between the confirmed the possibility of accurately reproducing the
physical and digital models. To analyze the synchronization movements of a physical robot in a virtual environment,
error, we used the difference in the states of the physical and taking into account time shifts and sensor errors, which
virtual robots at each time point. The neural network significantly increases the accuracy and reliability of control.
received normalized time data in the range from 0 to | as The use of neural networks provided the possibility of
input, which allowed us to avoid the influence of scale in the adaptive learning of the system and approximation of
calculations. The network architecture consisted of one complex dynamic characteristics to real scenarios, which is
hidden layer with 10 neurons, random weights were key for work in Industry 5.0 conditions. The results
generated based on a normal distnbution, and the ReLU demonstrated the ability to reduce the average
activation function was used to model nonlinearity. The synchronization error and improve the stability of the
output of the network approximated the sine target function, interaction between the real and digital environments. The
which made it possible to evaluate the effectiveness of proposed approaches can be applied to build integrated
artificial intelligence in reproducing the dynamics of the control systems capable of quickly responding to changes in
robot's movement. Thus, the selected numerical parameters external factors and interaction with a person. The use of
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mathematical models made 1t 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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