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Safe vector field for robot navigation in n-dimensions

Arthur H. D. Nunes, Vinicius M. Gongalves, and Luciano C. A. Pimenta

Abstract—In this work, we propose a novel artificial vector
field for robot navigation in n-dimensional path-following tasks,
designed to ensure safety and convergence with a smoothed
control law. Unlike previous methods based on discontinuous
Euclidean distance functions, our approach uses a smooth
Euclidean-like function to achieve a continuous control law
formulation and a field combination to balance the objectives
of avoiding obstacles and following the path. This results in a
navigation method that follows a target path while preventing
robots from approaching obstacles, which can be used in
different applications. We provide formal proofs for safety
using barrier functions concepts and path convergence via
Lyapunov theory. The methodology is validated through extensive
numerical simulations and real-world experiments. Those include
extrapolations of the methodology in more complex cases, such as
quadcopters and multi-robot systems to underline the method’s
advantages in achieving safe and reliable robot navigation.

[. INTRODUCTION

AFE navigation is a timely and important problem in

autonomous robotics [1], [2], [3]. As those robots are
increasingly being deployed in complex environments, they
require navigation solutions that ensure tasks can be performed
safely. Defining what it means to be safe is another key point.
Usually, it means avoiding obstacles, but it can also mean
not colliding with other agents, keeping distance from edges,
performing smooth movements, and avoiding dangerous areas.
Generally, safety constraints can be mapped as keeping a
distance from a forbidden set in the workspace.

The solution to the safe autonomous navigation problem can
be applied to a wide range of applications such as surveillance,
inspection, search and rescue, urban mobility, autonomous
vehicles, among others [4], [5], [6], [7], [8], [9]. Navigation
strategies based on vector fields have been discussed in many
works [10], [11], [12], [13], [14], [15], [16], [17], [18]. Some
of the mentioned works, [13], [14], [18], also consider obstacle
avoidance. However, time-varying paths and generic-shaped
obstacles have not been considered.

A recent vector field method for time-varying path-
following in n-dimensions has been previously proposed in
[19]. This vector field is non-conservative as it can guide a
robot to follow a closed curve, with this curve being a desired
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limit-cycle. By using a parametric representation of the target
curve, it has several advantages over other approaches, such
as [10], [11], [17], [18]. In [19], the presence of obstacles was
not considered. We use its result as part of our new method.

In [20], this vector field was extended to allow obstacle
avoidance in the formulation by considering obstacle
circumnavigation when an imminent collision is detected. The
circumnavigation is achieved by using the obstacle “closest
point” to the robot. Unfortunately, the method in [20] lacks
formal proofs of safety, as the safe distance can be violated
in some edge cases. In our method, we solve this issue by
providing a vector field with guaranteed safety using barrier
functions concepts [21].

Another key point is that none of the aforementioned
works is concerned with providing continuous vector field
control laws. This may not be an issue if we assume we
can instantaneously impose any velocity vector to the robot.
However, the underlying dynamics usually do not allow
infinite accelerations. This turns out to be an important element
when considering real-world applications.

Non-smoothness and undesirable conditions such as local
minima are, in general, characteristics of a group of
approaches for obstacle avoidance called reactive [22]. They
consider navigation free of obstacles in the first moment and
take action to avoid a collision when an obstacle appears.
The non-smoothness of the reactive approaches often arises
due to the usage of Euclidean distance functions, which are
not continuous because they require the computation of the
global minimum. An alternative to solve this is to use a smooth
distance function such as the one presented in [23]. We employ
a similar idea in this work while also considering important
features that allow us to ensure safety.

On the other hand, there are deliberative approaches that
consider some path planning that computes a path free of
collisions. In [24], the authors propose a Vector Field
Rapidly-exploring Random Tree (VFRRT) [25]. Similarly,
in [26] the RRT* together with a vector field is used
to generate optimal collision-free motion plans. Based on
[26], the work [27] uses the RRT* with a vector field to
drive a semi-autonomous robot in the execution of user-
defined movements. Although the aforementioned works are
deliberative approaches, the methodology presented in [27]
does not require global localization, but only a local map and
the detection of obstacles.

Other strategies can blend deliberative and reactive
elements, as MPC, that repeatedly solves an optimization
problem to plan a safe trajectory over a short future horizon.
In [28], an MPC-based method was proposed to solve
the problem of safe navigation in unknown environments.
However, the online optimization required by MPC imposes a
significant computational challenge. Even though some recent
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works, such as [29], propose fast solvers for MPC, this class
of methods often solves trajectory-tracking problems. In this
work, we propose a path-following strategy.

The advantages of reactive approaches are that they are
usually simple and fast, so they can be easily applied
to unknown environments and have a low computational
cost. With these advantages, we propose a path-following
method with a reactive obstacle avoidance, while solving
the discontinuity problem that may arise from the Euclidean
distance function.

In summary, we address the safe robot navigation problem
in n-dimensions. The main contributions of the work are:

« Proposition of a smooth distance function that is less than

or equal to the Euclidean distance function;

¢ Proposition of a novel vector field approach capable of

following dynamic paths and reactively avoiding generic-
shaped dynamic obstacles;

o Formal guarantees of safety using concepts of barrier

certificates;

o Extensive validation in simulations and real-robot

experiments, including quadcopters and centralized multi-
robot systems.

A. Notation

In this work, we use regular symbols for scalars, e.g. D €
R, and bold symbols for vectors, e.g. D € R". Vectors are
assumed to be column vectors.

II. PROBLEM STATEMENT

Let p € R” be the configuration of the robot and v € R its
velocity. Consider also the following single integrator model

p=wv. 6]

We aim to control the robot configuration to follow a given
target curve C(t) C R™ with parametric representation ¢(s, t).
The first problem we address is path-following as formalized
below:

Problem 1 (Path-following). Considering the system (1), find
a control law for v such that the trajectories of the system
converge to and follow a given time-varying target path C(t) C
R™ parametrized as c(s,t) with constant speed v, > 0.

However, we must ensure safety during navigation. Let
O(t) C R™ be a forbidden set, also referred to as obstacle set.
Assume that this set is represented by a finite number of time-
varying points 0;(t) € O(t), in which the number of points
stays the same, N, and each function o;(¢) is differentiable in
t.

If parts of this set are perceived between the robot and the
target path, the robot must prioritize the safety over the path
following, i.e., the robot is allowed to move away from the
curve to accomplish the obstacle deviation and then return to
it once the avoidance is finished.

Let the half-squared distance between the robot
configuration p and the set O(t) be defined as
— o1 2

Do(p,t) = min op—oi(t)]". )

Also, let 0. (p,t) be a witness point such that Do (p,t) =
3llp — 0. (p. 1)]*:

) 1

0.(p,t) € arg min —|lp — o0i(t)||*. (3)
o;€{o1,...,on} 2

Then, we state the safety problem to be solved as follows.

Problem 2 (Safety). The robot must avoid the forbidden set

by keeping at least a safe distance A > 0 from it, i.e.
p(0) € S(0) = p(t) € S(t) Vt>0, 4)

where S(t) is a safety set defined using barrier certificates
[21]:

S(t)={p € R" | B*(p,t) > 0}, (5)
)\2
BMp.t) = Do(p,t) — R (6)

ITIT. PROPOSED SOLUTION

Given the nature of the problems, it may not be possible to
simultaneously solve both 1 and 2 at a given time if obstacles
are in the way of the target path, as explained previously. Thus,
we employ a hierarchical approach such that we always solve
Problem 2 and, when safe, solve Problem 1.

A. Curve vector field

First, we consider following the target path in an obstacle-
free scenario. In this case, we directly employ the previously
proposed curve vector field ®(p,t) from [19]. We use the
parametric representation of the path ¢(s,t), for s € [0, 27],
and then find the curve’s witness point, which can be
interpreted as the “closest point” in the curve to the robot

c.(p,t) € arg min ||p — c(s,t)||* (7)
s€[0,27]

The witness point is used to compute an Euclidean distance
vector according to

D¢ (p,t) = p — co(p,t). (®)

As will be clear later, in this work, we smooth the Euclidean
distance vector for the obstacle avoidance vector field. One
could apply the same idea of smoothing the distance function
to the rarget curve vector field from [19]. In this case, the
trade-off would be to lose precision in following the curve to
ensure a smoothed vector field. However, it is more reasonable
to add restrictions to the smoothness of the curve [30] itself
if you are willing to lose the curve following accuracy, since
the curve c¢(s,t) is a chosen input of the controller.

As assumed in [19], to build the curve vector field, its
parametric representation ¢(s, t) must be at least differentiable
at ¢ and differentiable at s. If we aim to ensure smoothness
on the vector field, when differentiating it k£ times, we will
be differentiating c(s,t) k + 1 times. Therefore, the desired
smoothness one wants to impose on the curve vector field is
directly achieved by designing a smooth target path.
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B. Smooth distance function

Next, we analyze the issue with the Euclidean distance
function to the obstacle set and propose a smooth function.
Notice that computing the gradient of Do (p,t) with respect
to p yields

6D(9 80*
— =1 — 04). 9
op ( op ) (p—o0.) ©)

Using the Envelope Theorem [31], if o, is uniquely defined
at a given position p; and is a local minimizer constrained to
the set O(t), small variations dp, do not affect the optimal

solution o.. Therefore, ‘96"5 (p — 0.) = 0 and (9) reduces to

Do = %’% = p — 0., as used in [20].

However, if p, moves outside of the local region where o,
is well defined or if p, lies in a boundary where o, is multi-
valued, the Euclidean distance gradient does not exist. This
is consistent with the conditions under which the Envelope
Theorem holds, as differentiability depends on the uniqueness
and smooth dependence of the optimizer on the parameters.

An alternative is to use a smooth distance function. For
example, as in [23]. This function approximates the original
distance function while ensuring that the approximation
function possesses relevant differentiability properties. Here,
we employ a similar idea, but with a different smoothing
technique. Unlike [23], our approach allows us to ensure
safety, given that the smoothed distance will always be smaller
than or equal to the real distance, which means that if the real
distance is 0, so is the smoothed distance, as we explore in
sequence. This turns out to be a key additional element when
considering applications where safety is crucial.

Let D (p,t) be the smooth half-squared distance function
defined by

N AN
D?’o(ﬁJ)E(Z (”p_;(t)”) ) .0

i=1

The parameter h > 0 is a smoothing parameter. The higher
its value, the smoother the approximated function, and the
poorer the approximation.

Note that the farther an obstacle point is, the smaller its
contribution in (10). In practice, such points far from the robot
are negligible, allowing approximations of Dé‘o computed with
measurements around the robot.

Lemma 1 (Smooth half-squared distance properties). The
smooth half-squared distance function (10) has the following
properties:

lim Dg(p,t) = Do(p,1), (11)
h—+0
Vh >0, 0 < Dg(p,t) < Do(p,t). (12)
Proof. Since De(p,t) is the minimum, notice that
Do(p,t) < 05|p — 0;(t)||> Vi. The sum in (10)

1

h

contains (DO(P,t))ii such that Zfil (w) =

(Do (p, t))_% . Raising both sides to —h and remembering
that —h < 0, we find D} (p,t) < Do(p,t). Additionally, the

definition (10) is composed of sums and inverses of positive

terms. Thus, leading to D} (p,t) > 0. Combined with the

previous result we have that 0 < D% (p,t) < Do(p,t).
Now, factoring out D (p,t) in (10) leads to

N 2 Y\
Dly(p,t) = Dol(p, ) (Z (W) )

i=1
Considering the definition of Do (p,t), each term ¢; ) =

1
(W) " inside the sum is such that 0 < cin <
1 for h > 0. As h — +0, the indexes 7 such that
Do(p,t) = 0.5||p — 0;(t)||?, which have ¢;, = 1 and that
there exists at least one, maintains being 1 while the others
approach 0. Hence, as h approaches +0 the term Z:L:l Ci,h 18

bounded by 1 from below and N from above. Thus, we have

—h
limy 10 Db(p, 1) = Do(p,t) - limnio (L cin) =

Similarly to (5)-(6), let B"*(p,t) be a barrier function in
terms of the smoothed distance function, and let S” (t) be the
smoothed safety set according to

2

A
Bhﬂ\(pv t) = D?D(pv t) - ?7

S"(t)={p e R" | B"*(p,t) > 0}.

13)
(14)

Notice that invariance of the smoothed safety set implies
invariance of the original safety set. This is a key result that
allows us to solve Problem 2 as shown later.

Lemma 2. If 8"(t) is invariant, then S(t) is invariant.

Proof. Stating that 8" (¢) is invariant means that B"*(p, t)
0 and therefore D(hg > A. Using Lemma 1 we have De
D} > X which implies that S(t) is also invariant.

O v

C. Smooth obstacle vector field

Let ¥"(p,t) be the avoidance vector field, that will keep
the robot inside S™(t) (14). Analogously to the definitions
from [20], we can define the smoothed distance vector as

0
Dl (p,t) = — D¢ 15
and the smoothed witness point as
o(p.t) =p — D (16)
* ) - ap O»

such that D} (p,t) = p — o/ (p, ).
In order to build the vector field with (15), we consider the
following:

Assumption 1. Let D(t) = {p € R*|D%(p,t) # 0} be a set
in the workspace such that, for a given time ¢, the smoothed
distance vector is not null. Assume that p(t) € D(t).

Since (15) is a smooth function, its zero set is a lower-
dimensional manifold that has zero measure. In practice, this
does not affect the controller, as shown later in the results.



IEEE Robotics and Automation Letters (RA-L) paper, presented at ICRA 2026, Vienna, Austria. Cite as RA-L paper.

To compute the obstacle field, we find the smoothed distance
vector with the safe margin A as

h,A Dh
1D

Dy = BM (17)
We also need a tangent vector T, | D%, This vector
defines how the forbidden set will be circumnavigated to be
avoided. As used in [20], one option for the tangent vector is
to solve the minimization arg ming 5| T — ®|? st. T L
D}é,. The problem with such an approach is that, for any
dimension, it can be null when ® | D%. We want this
vector Th to be always continuous and not null, so that the
circulation component in the field T h o is smooth. However,
if n is odd this is impossible due o a topological issue, a
consequence of the Hairy Ball Theorem [32], [33].

Let M € R™™ ™ be a matrix. The tangent vector can be
defined as the transformation of the Euclidean-like distance
vector using M matrix as

Th = MDY}, (18)
where this transformation must ensure the orthogonality T% 1
D}é,, which can be expressed as

(Do) - (MDg) =0, (19)
implying that M is skew-symmetric.
To ensure [T | > 0, we would need to have
(MDY) - (MDY) > 0. (20)

which would imply that A is invertible. However, as
mentioned previously, both (19)-(20) can be achieved
simultaneously only for n even, where the skew-symmetric
matrices can be invertible. For n odd, the skew-symmetric
matrices M are not invertible, which will lead to T}é, = 0 for
some values of D’é, e R™.

This is a limitation of our method that can generate an
undefined vector field under specific conditions, and more
importantly, a discontinuity.

Assumption 2. We consider that either n is even or that M
is projected so that T}é) is never null.

In practice, this is a reasonable assumption. For example,
as we experiment later on a flying robot in n = 3, we can use

0 -1 0
M=1|1 0 o0 1)
0 0 0

as a skew-symmetric matrix that represents a rotation around
z-axis. During flight, hardly an obstacle will immediately
spawn exactly above or beside the robot such that it will have
to circumnavigate it. Usually, the robots approach obstacles in
the direction they are flying to, i.e., in the direction of the path.
This shows the advantage of our new method when compared
to [20]. In addition, for n even, not having null tangent vector
issues at all, for n odd, those conditions occur less often than
& | DY

In the next step, we define the static unit field and
feedforward component to deal with dynamical conditions as

DA T DY oDl
}SL' =-G S}\ +H f? ) ‘I”;’“ = 2 Ot )
D&l IToll |Db|
(22)

where G and H should be defined according to [11], for
example

2
G = —tan’l(kGHDg’\H),kG >0, H=+1-G2 (23)
Notice that if Dl = 0 in (22), then
limpno -GD% /||D}é’\|| = 0 and (22) still holds.
F1nally, the field ®"(p, 1) is
T (p,t) = n(p, ) ¥e(p,t) + Tr(p, 1),  (24)
where
~Wh Wi+ \/(@’é W2 02 — |[R2. (25)

Similarly to the vast majority of dynamic obstacle avoidance
methods [20], our method requires an estimation of the
obstacles’ motion. ThlS appears in our method in equation
(22) with the term 9D “5¢2 - We do not tackle the obstacle motion
estimation problem in this work. Instead, we compute this term
by means of historical data of the robots local measurements.

Also similar to related works [19], [20] we consider a
limited obstacle motion. It is reasonable to not be able to avoid
obstacles or follow curves that move faster than the robot. This
is captured in the form of the following assumption.

Assumption 3. Consider that \Il}} from (22) is limited in norm
by the desired velocity v,, || &% < v,.

In practice, if Assumption 3 does not hold, one can set
1 = 0 and this will push the robot to compensate for this high
speed and still avoid the obstacles if the actuators limits allow.

The vector field ®"(p,t) (24) ensures safety. This
intermediate result is described in the following Lemma:

Lemma 3. Let
h

oD
D}é(pat)v+ ato7

such that C"(p,v,t) = BMA with B from (13). When the
barrier function B" is zero, the function C" evaluated at
the smooth obstacle vector field (under Assumptions 1,2 and
3) is also zero, i.e.,

B"p,t) =0 = C"(p,¥",1) =0,

Ch(p,v,t) = (26)

27)

ensuring that the robot stays inside sh
barrier function framework [21].

according to the

Proof. The expression (26) at (p, \I!h,t) expands to

D -nGDY nHTY DY oD\ oD}
° AT ot

IDSM ITo
At Bh A =0, Dh » = 0 and the first term is null. Given that
ol Dh AL Th , the second term is null. And finally, the

thlrd and fourth terms cancel each other out. Thus, leading to
Ch(p, ®" t) = 0. O
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D. Combined vector field

Lastly, having both the obstacle and curve fields smooth is
not enough, as we also need to ensure continuity and study
what happens with the combination and switching between the
fields. In this part, we propose a formulation for the combined
vector field.

Let sat®? : R — [a, b] be a function that saturates its input
between a and b, as in

sat®®(z) = min(b, max(a, z)). (28)

Then, let ©; : R — [0, 1] be a condition based on the barrier
function expressed as

hoA _ .
el(Bh,)\(p, t)) = sato’l (B (p, t) Bm) , (29)

BinO - an
where B;,o > B;, > 0 are blending parameters. The function
©1, can be interpreted as a distance condition, where it is 1
if the robot is far away from the obstacles B"* > Bino, it is
0 if the robot is very close to the obstacles BM* < B, and
smoothly varies in between.

Let ©3 : R — [0, 1] be another condition expressed as

0:(C"(p, ®@,1)) = sat™ (kpC"(p,®,1)),  (30)

where kg > 0. The function ©5, can be interpreted as an
approximation condition. It is 0 if the curve vector field
points to directions where the smoothed distance vector field
decreases and varies smoothly to 1 as those directions align
in the other way.

The condition to dictate the safety of following the curve is
defined as an OR operation between the two conditions defined
previously. This is expressed as the sum

6= Sato’l((‘)l + @2) 3D
Finally, let F be the vector field defined as
F=0d+(1-0)v" (32)

The proposed vector field (32) successfully solves the stated
problems, under Assumptions 1,2 and 3. In summary, those
assumptions guarantee that the smooth distance vector is
not null, the corresponding tangent vector is not null, and
limited obstacles velocities, respectively. As mentioned, those
are reasonable given that in practice the conditions to make
those vectors null are edge cases, hardly achieved, and if the
obstacles move too fast, there is still an option to push the
actuators and they will be avoided if physically feasible.

Theorem 1 (Combined vector field). Considering the system
p = v (1) where v is the control input chosen as the
vector field F(p,t) (32) under Assumptions 1,2 and 3: (I)
the safety set S(t) is invariant, ie., p(0) € 8(0), then
p(t) € 8(t), V&t > 0 solving Problem 2; and (II) the robot
follows the target path, solving Problem 1, when the safety
conditions allow, i.e., when © =1, then p — C(t).

Proof. From (26), for this vector field F, we have that

oDk,
ot

At B"* =0, we have ©; =0 = © = O,. Inspecting (33),
we conclude that if ©4 = 0, then B" = C"(p, ®" 1) = 0 as
ensured by Lemma 3. If O, = 1, then B" = C"(p, ®,t) >
é > 0 as ensured by the value of O itself (30). For values
of O between zero and one, we must analyze further. Using
Lemma 3 result B"* =0 = C"(p, ®" 1) = 0. Hence,
we have that

B"* —eDk . &4 (1-0)Dh - 9" +

(33)

Dh
B =0 = aato =D} . o" (34)
Applying (34) in (33) yields
B"* = @,D} - ® — 0,DL, - ¥, (35)

as ©7 = 0. Using again the result (34) we have that

aDh
Oy = kp (D?Q-qw 8t‘°> =kp (D@-@-Dg,-\ph).
(36)
Applying (36) in (35) yields
. 2
B = kp (D’g, & - Dl \Ilh) >0, (37)

ensuring S” (t) is invariant according to the barrier function
framework [21]. Then, using Lemma 2, we conclude that S(t)
is invariant and the proposed vector field controller is safe by
solving Problem 2.

Now, to show that the robot will follow the curve when the
collision avoidance conditions are not active, first we recall
that if © = 1 then F = ®. Next, let V, : R — R be a
candidate Lyapunov function, given by V,(D¢) = %Dc -De,
with D¢ from (8). According to Proposition 2 of [19], we
have the asymptotic stability ensured by the result

V,(0) = 0; V,(D¢) <0, VD¢ # 0. (38)
O
IV. RESULTS
We validate our method through extensive numerical
simulations and real-world experiments. A  detailed

visualization including recording and animations is available
at the attached video!. The code used is available at
github.com/ArthurHDN/ral2026.

A. Simulations

1) 2D static: We start with a simulation in 2D space with
a static path and obstacles. The goals of this simulation are
to build a visualization of the behavior of our method and
to compare it with the one proposed in [20] to highlight its
advantages. The higher the parameter h, the smoother the
path. If & is too low, it eventually reduces to a non-smoothed
obstacle field. On the other hand, if A is too high, the robot will

! Also available at youtu.be/7Fq1ECjI47E
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circumnavigate the obstacle at a long distance in a circle-like
movement.

In this simulation, we used v, = Im/s, kg = 2m~} \ =
0.1m, By, = 0.05m?, B0 = 0.1m? kg = 10s/m? h = 0.2.
To compare with [20], we used the same parameters that
applied, while mapping D;, = v2B;, + A2 and Dj;,0 =
V2Bino + A2

The starting position of the robot is p, = [0.2 —0.3]T m,
which is controlled to follow a curve given by r(s) =
[cos(s) sin(s)]Tm. Two obstacles are in the way, creating
a disjoint non-convex and non-smooth forbidden set. To better
study the behavior of avoidance, the matrix M is chosen as a
counter-clockwise rotation of 90° in 2D.

Figure 1 shows on the left the vector field of [20] and on the
right the proposed one. We can see that the previous method
achieves both path-following and obstacle avoidance, where
the avoidance is close to the obstacle set. Its movement is not
as smooth as we can see in the derivative of the vector field.
This is solved using the proposed method, providing smoother
movement, at the cost of higher avoidance distances to the
obstacles.

Fig. 1. Comparison of the proposed method (right) with the one from [20]
(left) for a 2D static simulation.

2) 2D dynamic: Next, we employ the controller on a similar
scenario, but with a dynamic path and obstacles.

The starting position of the robot is py = [2.2 —O.S]T m,
which is controlled to follow a curve given by r(s,t) =
1.5 [cos(s) + cos(t/4) sin(s)] " m. An obstacle is in the way
creating a forbidden set. It is a square of 0.8m size at
[cos(—t/5) sin(—t/5)}T m that is rotated by ¢ rad counter-
clockwise in 2D.

We used the following parameters h = 0.2,v, =
Im/s, kg = 2m~ '\ = 0.1m,B;, = 0.05m? B0 =
0.1m? kg = 40s/m?.

Figure 2 again shows a comparison. Both scenarios again
achieve path-following and obstacle avoidance. However, the
method of [20] slightly avoided the safety set because it did not
consider the obstacle velocity under the conditions to follow
the curve. Additionally, we again see the non-smoothness of

the generated control law that is improved by the proposed
controller.

Fig. 2. Comparison of the proposed method (right) with the one from [20]
(left) for a 2D dynamic simulation.

3) 3D dynamic: Next, we employ the controller
in a R3 scenario. The starting position of the
robot is p, = [-22 —03 —0.1]"m, which is
controlled to follow a curve given by (s, t) =
[cos(s) sin(s) 3 cos(2s)cos(t/2) + 1}T m. A cubic
obstacle is in the way. It has 0.4m side and is centered at
[1 0 1+Lsin(t/4)]" m. Finally, we used M as in (21)
and the same controller parameters as the previous simulation.

Figure 3 shows a comparison between the methods. Again,
the previous vector field slightly avoided the safety set, and
there is a high shattering in a region near ®||D, given the
tangent vector construction. Both issues are solved by our
proposed controller.

z
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Fig. 3. Comparison of the proposed method (right) with the one from [20]
(left) for a 3D dynamic simulation.
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4) Multi-robots in 2D: Next, we employ the controller in a
different scenario of multi-agent systems. Although apparently
the controller was not designed for those systems, it turns out
that it can be applied to them if we express it accordingly.

Note that the set O is more general than only physical
objects in work space; it can be seen as a forbidden set in
the configuration space that we want the system to avoid. For
instance, consider an obstacle-free environment with £ = 2
agents in R? where p; = [z yl]T, Py = [z yg]T
represents each robot position and p = [p? pg] represents
the system’s configuration. If we also want to avoid inter-agent
collisions, O also contains the points in the configuration
space of p where the agents collide. Then © = {p € R* :
P1 = P3,P2 = Pa}-

If we consider k£ = 3 agents, this yields O = O ,UO; 3U
023U 23, where O15 = {p € RS : p1 = p3,p2 = pa},
O13 ={p €R®:p =ps,p2 = ps}, O23 = {p e R :
ps = ps,pa = pe}, and O193 = {p € R% : p; = p3 =
P5,P2 = Pa = Po}-

In summary, O can also represent the imminent collision
point between agents. To avoid collisions in real applications,
one needs to set A\ such that it encompasses the robot’s size.
Also notice that O are linear spaces. Therefore, we can easily
sample points in this space around the true nearest point o,
to implement the sum in (10).

Figure 4 shows in the left the simulation of & = 2 robots
and on the right £ = 3 robots, where the agents were put
to follow the same curve with opposite directions to create
inter-agent collision points with O approximated.

o
-
—
o

Fig. 4. Visualization of the generated path for multi-agent simulation.
This outlines the generality of the forbidden set avoidance

we proposed, allowing us to apply it in different scenarios.

On the other hand, the complexity of determining such a set

grows with the number of k agents as Zf:z i = 2k _k—1.

Additionally, this is a centralized controller.

B. Experiments

1) Robotarium: First, we performed experiments using the
Robotarium framework [34]. In general, a multi-agent system
was controlled to follow curves, while avoiding inter-agent
collisions similar to IV-A4 and avoiding going out of the
border of the workspace. Each robot has approximately 10cm
diameter and we used A = 12cm to account for the size.
The Robotarium framework has a built-in velocity control

interface, which directly supports the single-integrator model,
commonly used for wheeled ground robots.

Figure 5 shows the results for different numbers of robots
and different paths.

Fig. 5. Visualization of the generated path for Robotarium experiments for
different numbers of robots and different paths. Top-left 1 robot, top-right 2
robots, bottom-left 2 robots, and bottom-right 4 robots.

2) Crazyflie:  We also performed experiments using
Crazyflies nano-quadcopters> and the Crazyswarm ROS
platform [35]. The pose of the nano-quadcopters was measured
using the Optitrack Motion Capture system®, which is
integrated into Crazyswarm and allowed us to input vector
field velocity commands. We used the velocity control
interface provided by Crazyswarm, which maps our high-level
velocity commands to thrust and attitude inputs. The platform
supports several inner-loop controllers, with PID being the
default option.

Figure 6 shows the evolution of two experiments in which
Crazyflies follow a moving target curve (black with shading
indicating past positions). The top row presents a single
quadcopter (blue trajectory), the moving target curve and a
moving foam ball obstacle (red spheres with shading). Each
subplot represents a 20-second time window. The bottom
row illustrates a second experiment introducing a second
quadcopter (magenta trajectory), demonstrating successful
inter-agent collision avoidance under similar conditions.

SASA
2/ 18,18,

Fig. 6. Crazyflies experiments over time: top row shows single-agent obstacle
avoidance; bottom row shows two-agent coordination.

Zhttps://www.bitcraze.io/
3https://www.optitrack.com/
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V. CONCLUSION

In this work, we proposed a novel artificial vector field

for

safe robot navigation in n-dimensional path-following

dynamic tasks. The path following is achieved with a
previously proposed vector field. Now, we propose a smooth
distance function and a safe and continuous control law,
using barrier certificates. Several simulations and real-world
experiments are presented to validate the methodology in
different scenarios, ranging from simple two-dimensional
simulations to multi-agent and quadcopter experiments. The
advantages become clear when comparing to a method in

the

literature, where we achieved continuous control laws

and respected the barrier certificates. For future works, we
aim to design controllers considering more complex system
dynamics.
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