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Abstract— This paper presents a set-theoretic time-based
trajectory synchronization method to coordinate the skid-
steered units subject to slippage phenomena of a multi-robot
system. The closed-loop trajectory tracking error dynamics are
expressed in the form of an uncertain system subject to external
disturbances and actuation constraints. Collision avoidance and
coordination are achieved through synchronization of robot
trajectories by imposing delays on platform departures. The
procedure exploits the trajectory’s feasibility property by solv-
ing optimization problems involving Linear Matrix Inequalities
(LMIs) constraints. The algorithm operates in separate offline
and online phases. In the offline phase, the time delay intervals
useful for synchronization are calculated based on the planned
feasible trajectories. Then, in the online phase, the actual delay
is calculated by solving an optimization problem that minimizes
the occupancy time of the shared operational space. The results
of several numerical simulations are presented and discussed
to demonstrate the proposed solution’s effectiveness.

Index Terms— collision avoidance, coordination, feasible tra-
jectory planning, multi-robot systems, temporal scheduling;

I. INTRODUCTION

The use of multi-robot systems (MRSs) in performing
complex tasks is increasingly common in modern technology
applications, due to their collaborative capabilities that over-
come the limitations of a single robot [1]. These applications
leverage the collective power and versatility of MRSs to man-
age tasks that require coordination and efficiency. However,
significant challenges still remain, among others, the problem
of planning trajectories that can be followed by robots even
under uncertainty and external disturbances in known or
partially known environments with obstacles [2], [3], the
challenge of accurate trajectory tracking even in the presence
of actuation constrains [4], and the problem of coordinating
the movements of multiple robots within a shared space [5]
are key areas of active research. The uncertainties can arise
from a variety of factors, such as environmental conditions
(e.g., variation in ground friction), control loop delays, or
even actuation constraints.

There are several papers in the literature that address the
problem of coordinating multiple robots [6]–[11]. In [12],
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the authors propose an approach that uses a velocity profile
assignment solution to solve the problem of coordination.
The study focuses on the collision-free coordination of
multiple robots with kinodynamic constraints along specified
paths. The solution generates continuous velocity profiles
for multiple robots that satisfy dynamics constraints. The
approach combines techniques from optimal control and
mathematical programming. A strategy for supervising the
evolving movement of mobile robots in the same environ-
ment is presented in [13]. The solution involves building a
specific Petri-net model for available trajectories, and using
resource allocation techniques based on capacity-constrained
regions and deadlock-free execution.

Other methods address the problem of movement coordi-
nation and collision avoidance through platform prioritiza-
tion, and allocation of delays. In [14] the authors develop
a method that uses k-means clustering to balance tasks
between robots and a collision model with time priority
constraints. This model defines interference zones between
the robots. To avoid collisions, a directed acyclic graph
(DAG) is constructed to represent the priority constraints.
The final scheduling creates a schedule that minimizes the
completion time, ensuring that robots do not collide. In [15],
the collision avoidance problem is addressed for a multi-
robot system through the impositions of delays. Specifically,
the trajectories consist of sequences of regions to be fol-
lowed, and a known travel time for each region. The problem
of avoiding collisions between robots is solved by imposing
initial delays for each trajectory. Some contributions propose
solutions that address the problem of coordinating multi-
agent systems during the trajectory planning phase, which are
effective as they do not require the installation of dedicated
hardware for the collision management task.

In this paper, the coordination and collision avoidance
for the skid-steered units of an MRS are achieved using a
set-theoretic time-based trajectory synchronization method.
The solution exploits the feasibility properties of the planned
trajectories, which ensure robustness to model uncertainties,
external disturbances, and actuation constraints. By delaying
the departure times of the robots, the solution guarantees
a minimum safety distance between the platforms during
trajectory tracking. The approach comprises two phases: an
offline phase, in which the intervals of the synchronization
delay are identified by solving a minimization problem
with linear matrix inequalities (LMIs) constraints, and an
online phase, in which the actual robot departure delays



are computed by solving a linear optimization problem that
minimizes the operational environment occupation time.

The paper is structured as follows. Sect. II presents the
uncertain closed-loop dynamics of the trajectory tracking
error for a skid-steered robotic platform subjected to external
disturbances. Sect. III proposes a procedure to calculate the
synchronization delay intervals, and the actual delays for
the robot starts, through solving set-theoretic optimization
problems. Finally, Sect. IV presents the results of several
numerical simulations which consider multiple skid-steered
mobile robots operating in an indoor environment to demon-
strate the effectiveness of the proposed solution.

II. SKID-STEERED TRACKED MOBILE ROBOT
MATHEMATICAL MODEL

Consider a set of autonomous skid-steered mobile robots
operating in a shared environment. Each robot, treated as
a rigid body moving on a horizontal plane, has its pose
at time t given by the vector q(t) =

[
x(t) y(t) θ(t)

]T
,

where x and y are the coordinates of robot’s position, and
θ is the orientation in a global reference frame E. The
motion of the robot is controlled by the velocities vector
u(t) =

[
v(t) ω(t)

]T
including the forward velocity v and the

rotational velocity ω. Thus the robot’s first-order kinematic
model can be described as follows

q̇(t) =


ẋ = cos(θ(t)) v(t),
ẏ = sin(θ(t)) v(t),

θ̇ = ω(t).
(1)

Let û(t) =
[
v̂(t) ω̂(t)

]T
denote the desired control vari-

ables, with v̂ and ω̂ as the desired forward and rotational
velocities. Due to differential driving, tracked robots are
subjected to slip and skid phenomena, leading to v ̸= v̂
and/or ω ̸= ω̂. Following [16], we model the track-soil
interaction with time-varying sliding coefficients µr(t) and
µl(t) for the right and left tracks, and relate the motor angular
velocities ρ(t) =

[
ρr(t) ρl(t)

]T
to the robot’s forward and

rotational velocities through the following relationship:

u(t) =

[
R/2 R/2
R/G −R/G

] [
µr(t) 0
0 µl(t)

] [
ρr(t)
ρl(t)

]
, (2)

where R is the radius of the gears connecting tracks and
motors, and G is the distance between the tracks. The motor
velocities required to achieve the desired control velocities
are calculated assuming unit sliding coefficients

ρ(t) =

[
R/2 R/2
R/G −R/G

]−1

û(t). (3)

By recombining the equations, the kinematic model (1) can
be rewritten in the following form:

q̇(t) =

cos(θ(t)) 0
sin(θ(t)) 0

0 1

 · u(t) (4)

where

u(t) =

[
R/2 R/2
R/G −R/G

] [
µr(t) 0
0 µl(t)

] [
R/2 R/2
R/G −R/G

]−1 [
v̂(t)
ω̂(t)

]
.

(5)

x

y

θ

xE

yE

xLyL

x0

y0 0θ

Fig. 1. Reference frames. The pose of the robot in the E frame is denoted
as {x y θ}, and the reference frame L for trajectory tracking has its origin
at the first point of the segment, with the x-axis oriented along it.

A. Trajectory tracking error

We define qD(t) =
[
vD · t 0 0

]T
as the desired pose

of the robot along the trajectory’s segments at a time t, in
a local reference frame L centered on {x0 y0}, and rotated
with respect to E by an angle θ0, see Fig. 1. The actual
pose of the robot in L is expressed by the following roto-
translation:

qL(t) = RL
E(θ0)(q(t)− q0) (6)

where q0 =
[
x0 y0 θ0

]T
, and RL

E(θ0) is given by:

RL
E(θ0) =

 cos(θ0) sin(θ0) 0
−sin(θ0) cos(θ0) 0

0 0 1

 . (7)

Let e(t) =
[
ex(t) ey(t) eθ(t)

]T
= qL(t) − qD(t) be

the trajectory tracking error at time t, expressed in L.
By applying classical linearization arguments, the following
linear time-invariant mathematical representation is defined

ė(t) = Ae(t) +Bδu(t) +Bdd(t). (8)

This describes the trajectory tracking error in the nominal
condition ∇(t) = {qD(t), uD, µN

r , µN
l }, where uD =[

vD 0
]T

is the vector of desired robot velocities, µN
r =

µN
l = 1 are the nominal sliding coefficients, and where

δu =
[
v̂ − vD ω̂ − ωD

]T
, and d =

[
µl − µN

l µr − µN
r

]T
represents an external disturbance acting on the system.
Assume that the multi-robot system has a fully decentralized
architecture [17], in which each robot is independent and
has its controller for trajectory tracking. Assume that each
robot has no reactive capabilities implemented [18], and no
robots exchange information with other robots in the system.
The dynamics describing the closed-loop trajectory tracking
error for a single robot following a straight trajectory with
constant velocity can be expressed by an uncertain discrete
linear time-invariant system with norm-bounded uncertainty



[19] subject to an external disturbance as follows

ξk+1 = ϕξk +Hddk +Bppk, (9)

pk = ∆kqk, (10)

qk = Σqξk, (11)

where ∥∆k∥ < 1 ∀k ≥ 0, The interested reader can find
further mathematical details in [16]. Assume that admissible
state and control input variations are constrained according
to the following ellipsoidal sets:

ξ ∈ Ωξ, Ωξ = {ξ ∈ Rnξ : ξTSξξ ≤ 1, Sξ > 0}, (12)

δu ∈ Ωu, Ωu = {δu ∈ Rnu : δuTSuδu ≤ 1, Su > 0}.
(13)

In addition, nd external perturbations acting on (9)-(11)
can be bounded according to the following ellipsoidal con-
dition

d ∈ Ωd, Ωd = {d ∈ Rnd : dTMdd ≤ 1, Md > 0}. (14)

Finally, according to [20], it’s possible to define the robust
D-invariant region

Γ0 = {ξ ∈ Rnξ : ξTP0ξ ≤ 1 P0 > 0}. (15)

Region (15) is robust to the disturbance d and defines a
positively invariant ellipsoidal set in the augmented state
space, ensuring ξ ∈ Γ0 for all t ≥ 0, despite uncertainties
and admissible disturbances affecting (9)-(11), and thus
guaranteeing the feasibility property to the trajectories.

III. SET-THEORETIC TIME-BASED TRAJECTORY
SYNCHRONIZATION METHOD

Collision avoidance and coordination of the skid-steered
platforms composing the MRS are addressed in this work by
synchronizing the platforms through time scheduling of robot
departures, ensuring a minimum safety distance between the
robots during the trajectory tracking. The procedure consists
of offline, and online phases.

A. Offline phase

In the offline phase, mutual delays between platforms that
ensure no collision during robot movement are calculated on
the basis of planned feasible trajectories. Assume that for
each robotic platform a trajectory is preliminarily planned.
The trajectory is composed of a sequence of straight seg-
ments that must be traveled by the robot at constant assigned
forward velocity vD. Our approach leverages the feasibility
properties of the planned trajectories, calculated using the
algorithm proposed in [16], in order that for each trajectory
the following feasibility condition holds:

• if the initial state of the system ξ(t0) ∈ Γ0, then
ξ(tk) ∈ Γk ⊆ Γ0 ∀tk ≥ t0, regardless of the allowable
uncertainty of (9)-(11) and the external disturbances
(14), along the complete trajectory, see [16].

The feasible trajectory T is represented by a succession of
the robot’s desired pose, hereinafter labeled as waypoints:

T = [w(t0), · · · , w(tk), · · · , w(tϵ)] ∈ R(ϵ+1)×3, (16)

each of them with the following form w(t) =
[x(t) y(t) θ(t)], and where w(t0) (w(tϵ)) is the starting
(ending) desired pose. For each couple of planned trajectories
Ti and Tj where i, j = 1, · · · , N , and j ̸= i robotic
platforms, with Ti(t0) ̸= Tj(t0), and Ti(tϵ) ̸= Tj(tϵ), the
following procedure is applied.

a) Procedure: Consider two generic trajectories

Ti = {Si, · · · , Ai, Bi, · · ·Fi}, (17)

Tj = {Sj , · · · , Aj , Bj , · · ·Fj}, (18)

where Si (Sj) is the starting pose of the i-th (j-th) trajectory,
and Fi (Fj) is the final pose of the i-th (j-th) trajectory, with
Ai, Bi, (Aj , Bj) intermediate waypoints. It is possible to
calculate the length of the segment AB as follows

lAB =
√

(xA − xB)2 + (yA − yB)2. (19)

Let NAB be the maximum positive integer for which the
following inequality holds

NAB ≤ lAB

vD · Ts
(20)

where Ts is the sampling time. The trajectory segments com-
posing Ti, are discretized using the interpolation parameter
α = {0, 1

NAB
, 2
NAB

, · · · , 1}, such that

w(α) = (1− α)Ai + αBi. (21)

For each pair of segments, the extremes of the interval in
which the points belonging to the D-invariant ellipsoids (15)
centered on the waypoints of the trajectories, and appro-
priately oriented, are found to be less than a distance that
guarantees no collision. To find these extremes the following
optimization problems are solved.
1) Collision lower bound

β =min
α

β (22)

s.t.
β ≥ 0, β ≤ 1, (23)[
1 R(θα)

T (wi − w(α))T

∗ P̃−1
0

]
≥ 0 (24)[

1 R(θβ)
T (wj − w(β))T

∗ P̃−1
0

]
≥ 0 (25)[

2γ (wi − wj)
TMT

∗ I

]
≥ 0 (26)

2) Collision upper bound

β =max
α

β (27)

s.t.
β ≥ 0, β ≤ 1, (28)[
1 R(θα)

T (wi − w(α))T

∗ P̃−1
0

]
≥ 0 (29)[

1 R(θβ)
T (wj − w(β))T

∗ P̃−1
0

]
≥ 0 (30)[

2γ (wi − wj)
TMT

∗ I

]
≥ 0 (31)
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Fig. 2. 2D Graphical representation. AiBi and AjBj represent two
segments of two different trajectories. The red dots represent w(α) and
w(β). Green ellipsoids are a 2D representation of the (15) sets to which
the state of the system is guaranteed to belong. The solid red line represents
γ, the value accounting for the physical dimensions of the robots. The times
tAi

(tAj
) and tBj

(tBj
) correspond to the time instants associated with

the respective positions.

where
w(β) = (1− β)Aj + βBj , (32)

and P̃0, following [21], is the inner approximation of the
projection onto the components x, y, and θ of the ellipsoidal
set (15). In addiction, R(θα) and R(θβ) are rotational
matrices defined as in eqs. (7), the matrix M is the following

M =

1 0 0
0 1 0
0 0 0

 ,

and γ is the minimum distance accounting for the physical
dimensions of the robotic platforms calculated as follows:

γ =

√(
h1

2

)2

+

(
h2

2

)2

(33)

with h1,h2 being the width and length of the robot. See Fig.
2 for a 2D simplified graphical representation.

b) Delays: The minimum and maximum values of β
resulting from the minimization and maximization problems
represent the extremes of the range where the collisions could
occur. By considering that the trajectories are traversed by
the robots at assigned constant forward velocity vD, it is
possible to calculate the instants of time corresponding to
the values of β and β as:

t(β) =

√
(xβ − xAj

)2 + (yβ − yAj
)2

vD
+ tAj

, (34)

where tAj
is the instant of time when the robot reaches Aj .

Calculating the global minimum t(β) and maximum t(β),
that considers all the segments that make up the trajectories,
the minimum ∆i,j and maximum ∆i,j delay value between
the departure times of the skid-steered robotic platforms are
calculated as follows:

∆i,j = tAi + t(α)− tAj − t(β), (35)

and finally organized into two matrices ∆ and ∆ with the
following form:

∆ =



0 ∆1,2 · · · ∆1,i ∆1,j · · · ∆1,N

∆2,1 0 · · · ∆2,i ∆2,j · · · ∆2,N

...
...

...
...

...
...

...
∆i,1 · · · · · · 0 ∆i,j · · · ∆i,N

∆j,1 · · · · · · ∆j,i 0 · · · ∆j,N

...
...

...
...

...
...

...
∆N,1 · · · · · · · · · · · · · · · 0


(36)

These values represent the minimum and maximum time
that the j-th robot can/should wait before starting up, taking
into account the presence of the i-th robot. Specifically, the
j-th robot can go at most up to ∆i,j seconds later, or it must
wait to leave at least ∆i,j seconds to ensure no collisions.
The waiting time determines the order in which the robots
pass through the critical sections of the trajectory; it is
possible to obtain negative values of ∆i,j , which represent
the time advance that one robot must have over the other to
avoid collision.

B. Online phase

The delay calculated in the offline phase for feasible
synchronization of trajectories are used in the online phase
of the algorithm to schedule the motion starts of the robotic
platforms according to the instant of time when the activation
request occurs. The delay value is calculated by minimizing
the overall duration of the operations. Consider a N robot
system. Without loss of generality we assume that treq,N
is the instant at which the activation of the N -th robot is
requested. Let tact,i, with i = 1, · · · , N − 1, be the startup
times of the first N − 1 robots. With the aim of freeing
up the operational space in the shortest possible time, thus
minimizing the total time for carrying out operations, the
startup time of the N -th robot is calculated according to the
following linear programming problem that guarantees the
minimum delay with respect to treq,N

∆tN =min∆t (37)
s.t.

∆t ≥ 0 (38)
treq,N +∆t − tact,i ≤ ∆N,i, i = 1, · · · , N − 1

(39)
or
∆t ≥ 0 (40)

treq,N +∆t − tact,i ≥ ∆N,i, i = 1, · · · , N − 1
(41)

IV. NUMERICAL RESULTS

This section presents the results of several numerical
simulations. The skid-steered robots are subject to model
uncertainties and external disturbances due to varying terrain
sliding coefficients, as reported in Sect. II. The platforms
are remotely controlled, accounting for delays in the control
chain due to the communication network, with a randomly



TABLE I
SIMULATION RELEVANT VALUES.

Parameter Minimum value Maximum value Unit

ex −0.35 0.35 m
ey −0.45 0.45 m
eθ −60 60 deg
V 0 0.4 m/s
ω −35 35 deg/s
τ 0 400 · 10−3 s

tact 0 60 s

varied initial tracking error. The virtual operating environ-
ment represents an indoor space with three distinct areas, and
is characterized by several slip coefficients whose minimum
and maximum values have a deviation of ±25% from the
nominal value. The nominal forward velocity assigned to
robotic platforms is set at 0.2 m/s. All relevant values for
figuring out the simulation are given in Tab. I. By considering
a physical footprint of each robot of 0.50 × 0.70 m2, the
minimum distance required to avoid collisions results in
2γ = 0.86m. Finally, in accordance with Sect. III, the
calculation of the delay matrices ∆ and ∆ gave the following
results:

∆ =

 0 −109.15 −154.34
−101.71 0 −169.42
−56.07 −92.01 0

 , ∆ =

 0 7.88 −5.01
54.81 0 4.32
110.14 83.64 0


(42)

Each planned trajectory was simulated 10 times, and, in
every simulation, the activation request times of robots #2
and #3 were randomly varied with a Gaussian distribution
in the range tact = [0, 60] s, while robot # 1 is always
activated in time instant tact = 0. The relevant timing data
of the simulations are summarized in Tab. II. The results of
the simulations are illustrated in Figs. 3-6, which highlight
key aspects of the method.

Fig. 3 showcases the inter-platform distances during the
simulations. Notably, the collision avoidance safety distance
2γ was always maintained, even in scenarios where the tra-
jectories intersected or the robots operated in close proximity.
This result underscores the effectiveness of the synchroniza-
tion algorithm in coordinating the robots’ movements while
adhering to safety constraints.

Fig. 4 shows the trajectory tracking errors for all robots
during the simulations. These errors remained consistently
within the allowable limits, demonstrating the robustness of
the feasible planning algorithm used, a key aspect for the
application of the proposed solution.

Fig. 5 provides profiles of the forward and rotational
velocities of the control algorithm. As can be seen, the values
remain in the assigned range, demonstrating the effectiveness
of the method even in the case of limited actuation capabil-
ities.

Finally, to emphasize the aspect of coordination, Fig. 6
shows the pose of the robots at the time when the minimum
distance between robot #2 and robot #3, corresponding to
t = 190 s, of a specific collected Run, was recorded. The
results are based on the data collected during Run #8. The
ellipsoidal sets (15) to which the robot pose belongs are

TABLE II
RELEVANT SIMULATIONS TIMING VALUES.

Robot #2 Robot #3
Run # Request time [s] Activation time [s] Request time [s] Activation time[s]

1 41.03 41.56 47.02 168.72
2 33.10 33.61 35.01 160.78
3 8.27 10.36 13.06 137.54
4 2.50 10.36 6.41 137.53
5 4.95 10.37 43.17 137.54
6 21.27 21.61 58.27 148.78
7 39.74 40.03 14.64 167.20
8 40.81 41.22 31.67 168.38
9 36.15 36.74 45.03 163.90

10 4.01 10.36 56.36 137.50

highlighted in the figure. It can be seen that even when they
turn out to be closest, the minimum distance imposed by the
procedure is correctly met. Overall, these results validate the
proposed method as a reliable solution for synchronization
and coordination of multi-robot trajectories under realistic
conditions, confirming the method’s ability to ensure safety,
accuracy, and robustness in various operational scenarios.
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Fig. 3. Actual distances between the robots. The solid red line highlights
the threshold value 2γ.
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Fig. 4. Trajectory tracking errors. From left to right the values recorded
for robot #1, #2, and #3 respectively. The solid red lines represent allowable
bounds.

V. CONCLUSION

This paper proposes an approach for the synchronization
of the units of a multi-robot systems subjected to constraints,
uncertainties and external disturbances. The approach ex-
ploits the feasibility properties of the planned trajectories to
compute the temporal scheduling of the robots departures.
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represents assigned trajectories for the robot #1, #2, and #3. Solid lines
represents the executed trajectories. Squares and triangles represent the
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circles account for the physical footprints of the robot and have radius γ.
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turns out to be equal to the threshold for collision avoidance 2γ.

The algorithm considers two phases: an offline phase, where
the delay intervals useful for synchronization are calculated
on the basis of the planned trajectories, and an online phase,
where the actual departure delay is calculated solving a
linear optimization problem that minimizes the total time
of occupation of the operational space by the platforms.
The effectiveness of the proposed method was demonstrated
through a series of numerical simulations, involving three
robotic platforms subjected to uncertainties and external
disturbances in an indoor environment.
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