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Safe and Adaptive Multi-Target Encirclement with
Socially Aware Multi-Robot Control
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Abstract—This paper addresses the problem of surrounding
and tracking dynamic groups of moving targets with unknown
velocities using a team of mobile robots. We introduce a control
strategy for multi-robot systems that continuously maintains a
safety distance between each robot and the convex hull of the tar-
get group. In particular, these safety distances are defined based
on social constraints, and the proposed control strategy enforces
them while simultaneously maintaining a balanced geometric
distribution. The stability of the distribution is studied formally
and the effectiveness of the proposed method is validated through
numerical simulations and real-world tests using unicycle-model
robots. The results show that the method provides suitable
performance in dynamic scenarios, and it exhibits higher safety
and adaptability than alternative approaches.

Index Terms—Multi-robot systems, Cooperating robots, Con-
vex hull tracking, Safety distance control, Target encirclement
and tracking.

I. INTRODUCTION

HE cooperative encirclement and dynamic tracking of

moving targets by a fleet of autonomous robots constitute
a major challenge in mobile robotics [1]. Applications include
persistent surveillance, crowd control, and the isolation of
potential threats [2]-[4]. This task requires continuous co-
ordination among robots to surround moving targets while
respecting physical and social safety constraints, and simul-
taneously tracking the target group as it evolves dynamically
in the considered workspace.

Many existing strategies for this task address single-
target scenarios [4]-[10]. Both centralized and distributed
approaches have been proposed in the literature. Multiple
targets are sometimes handled by computing their geometric
center and encircling them at a desired radius [1], [11].
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Most works assume known target velocities and overlook
social constraints and global group dynamics, which are very
relevant aspects in real-world applications. Here, we present
an approach that enables coordinated multi-target encirclement
while fully addressing these aspects. Unlike previous work, our
method avoids velocity estimation and dynamically enforces
social constraints. Specifically, to enhance robustness to mea-
surement and estimation noise and to reduce the complexity
of the system’s formulation and implementation, the proposed
approach does not rely on explicit target velocity estimation.
Moreover, the approach uses a dynamic computation of an in-
tersection point using each robot’s position and the convex hull
of the target group, and continuously enforces a safety distance
between the robot and its corresponding point. Meanwhile, a
formation control law also adjusts robot positions dynamically
to maintain a desired angular distribution around the group of
targets. Overall, the resulting approach allows for adaptive,
socially aware dynamic encirclement of multiple targets.
This paper’s key contributions are:

(1) A multi-target dynamic encirclement method not needing

target speed estimation is introduced.

An adaptive strategy is presented that leverages the

convex hull of the target group to control the robots’

configurations.

Safety distances based on social rules are continuously

enforced through an adaptive control term.

A flexible formation control is provided that ensures a

regular angular distribution which optimizes coverage of

the targets.

(v) The approach is validated through stability analysis, sim-
ulations, and real-world experiments.

(i)

(iii)
(iv)

II. RELATED WORK

Recent advances in multi-robot systems have enabled com-
plex cooperative tasks such as target guidance, tracking, and
encirclement. Next, we discuss four key research areas: guid-
ance/tracking strategies, formation control methods, perception
systems, and social interaction constraints.

A. Guidance and Tracking Strategies

Guidance systems use a variety of information, including
visual, auditory, and physical signals, to guide targets along
specific paths. Martinez-Garcia et al. [12] were pioneers in
developing multi-robot group guidance frameworks. Garrell et
al. [13], [14] further advanced these systems by integrating
models of human behavior into guidance approaches. These
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systems can be particularly useful in crowd management
scenarios [15]. Despite these improvements, predicting human
movement patterns remains a complex challenge within these
systems, as highlighted by Mavrogiannis et al. [16]. Tracking
systems are designed to observe and follow targets along their
paths without deliberately affecting their movement. These
systems, reviewed by Robin et al. [3], are less intrusive than
guidance systems. They also reduce coordination overhead for
the robots, since the overall motion is dictated by the targets,
similarly to the transport tasks considered in, e.g., Koung et
al. [17]. The study by Mas et al. [4] applied a cluster-based
representation of the multi-robot system to successfully track
an autonomously moving single target. The work by Lépez-
Nicolds et al. [18] addressed how to plan the trajectories
of the robots for target enclosing under field-of-view and
motion constraints. Optimal angular distributions of robots
around a target with freely-selected constant distances were
studied in [19], [20]. Remaining challenges in this area include
the need to respond to unpredictable target movements and
to maintain safety and cohesion; especially, in multi-target
scenarios, which increase the task’s complexity.

B. Formation Control Methods

In most studies, encirclement is accomplished by con-
trolling robots to arrange themselves around the target in
a predefined geometric pattern (i.e., a formation), typically
circular or polygonal [18], [19]. These formations can ensure
homogeneous visual coverage and a balanced distribution
around the target. They are used in both centralized and
distributed approaches [21], [22], [23], [24]. However, these
approaches often presume consistent behavior of the target or
perfect coordination between the robots, conditions that are
challenging to guarantee in dynamic environments.

Circular formations are widely used in surveillance due to
their inherent symmetry. Kim et al. [25] introduced a circular
pursuit strategy that relies on precise knowledge of the target’s
velocity. Dou et al. [7] addressed rotational encirclement for
both static and moving targets. Distributed controllers with
collision avoidance were developed by Franchi et al. [24], Dou
et al. [26] and Jin et al. [S]. To handle unknown target veloci-
ties, Ju et al. [6] proposed adaptive observers, but the resulting
estimation errors pose challenges for stability analysis. The
encirclement of multiple targets has received limited attention.
The work detailed in [1] addressed the rotational encirclement
of multiple targets with second-order multi-agent systems. The
authors represent the target group by their geometric center
and use a circular formation, providing theoretical results. Our
work enables dynamically adaptive team formations, which are
more flexible than standard circular formations.

C. Target Detection and Social Constraints

Accurate detection and tracking of human targets are critical
for multi-robot systems in applications like surveillance and
rescue. Two primary types of sensors are employed: onboard
sensors such as LiDAR and stereoscopic cameras [3], [23],
[24], [27] and external sensors, including motion capture sys-
tems [28]. Onboard sensors enable autonomy, while external

systems offload computational demands from the robots and
are particularly effective for observing group-level human
behavior.

Social dynamics is a crucial aspect that is typically over-
looked in existing works. According to Edward Hall’s prox-
emics theory [29], maintaining appropriate social distances
is key to enabling non-intrusive interactions, particularly in
public environments. Respecting these spatial norms signif-
icantly influences how a multi-robot system interacting with
humans is socially perceived, and its overall acceptance by the
public [30], [31]. An important aspect of the work we present
is that such social awareness toward the targets is explicitly
incorporated in the multi-robot control framework.

III. PROBLEM FORMULATION

We consider n; mobile targets and n, > 2 mobile robots
both evolving in R2. The targets’ movements are assumed
unpredictable and their velocities are neither known nor esti-
mated. To ensure the problem is solvable, the targets’ veloc-
ities are assumed to be lower than the velocities achievable
by the robots. The robots are assumed to follow a first-order
motion model (i.e., velocity control inputs). We denote, in an
arbitrary global reference frame, by q,; € R? the position of
the robot i (i € {1,...,n,}) and by qs, € R? the position of
the target k (k € {1,...,n;}). Positions in R? are represented
as column vectors. In the current robot configuration (Fig. 1-
B), the group of targets is represented by its convex hull,
referred to as the target surface. The geometric center of this
surface is denoted by q. € R2. We define d € R as the desired
safety distance between the robots and the target surface.
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Fig. 1. (A) is the reference configuration where the reference robot positions
qy, to q:5 form a regular formation centered at q, with reference angle
a;; between vectors qj, and qu‘c. (B) is the current configuration which is
centered at gc, where robots gr, to gr, surround the targets q¢, to qg,
and form the current angle 3;; between qjc and qjc. d;(qr;, i) represents
the safety distance between the target surface and the robots. (C) is the
desired configuration which is defined with the same center as the current
configuration qc, preserving c;; and the desired safety distance d.

We consider a desired geometric distribution of robots
around the targets, defined from a reference configuration
(Fig. 1-A). The position of robot 7 in this configuration is
denoted by q;‘; € R2, and the centroid of the n, robots is
q: € R2, with these positions assumed to be constant. The
angle «;; between robots 4 and j is computed once from the
reference configuration and serves as the desired value to be
preserved in the desired configuration (Fig. 1-C). The current
and desired angular distributions are then defined as:
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Problem: Given the group of n, targets with unpredictable
motion and unknown velocities, find an appropriate control
strategy to enclose it with the team of n, mobile robots such
that the current angular distribution of the robot formation is
aligned with the desired one, while guaranteeing a socially
aware safety distance d between the group of robots and the
target surface.

1IV. METHODOLOGY
A. Control Strategy

This section outlines the control strategy that enables the
team of robots to encircle and track the group of moving
targets while maintaining a safe formation. The control law
is formulated based on the configuration error u;, defined as:

u; = (qc — ar,) — s;R(q¢c — aqy, ). 3)
u, represents the error between the reference position of
robot i, scaled by s; € R and rotated using the 2 x 2
rotation matrix R, relative to the centroid of the desired
distribution, and its current position relative to the centroid
of the current robot distribution. Related strategies have been
used in prior works such as [19], [20], without the dynamically
adaptive and socially aware safety adjustments we introduce
here. The computations of s; and R are detailed in the
following subsections. u; is then regulated by employing a PID
controller generating the velocity commands for each robot <.
The following subsections provide a detailed explanation of
each term involved in the proposed control strategy, whose full
diagram is depicted in Fig. 2.

B. Reference Robot Team Configuration

To ensure consistent coverage of the target group, the ref-
erence distribution of robots is uniform along a circle of fixed
radius dj centered at the target surface center. Consequently,

the reference positions qy , for i € {1,...,n,}, are defined
as:
211 n
cos (— 1 &
* nr * *
dy, = do : a=—> a, 4)
) sin (2717” o i=1 '

Observe that, under this definition, q = [0,0]%.

C. Target Surface Center

For multi-target scenarios (n; > 3), the QuickHull algo-
rithm [32] is used to compute the convex hull of the target
positions, representing the smallest convex shape that encloses
all targets. The center of the target group q. is then determined
as the average of the convex hull vertices, providing a robust

d

Scaling
adjustment s;

_@ qC qri
Ar;

Targets surface
center q.

Fig. 2. The proposed diagram of multi-robot control for target encirclement
and tracking while maintaining safety distances.

central point that reflects the spatial distribution of the target
group. This point q. serves as a reference for coordinating
the robot configuration. The control strategy relies only on
the convex hull boundary and not on the positions of targets
inside the group.

D. Rotational Alignment

The rotation matrix R in equation (3) aligns the orien-
tations of the desired and current robot configurations. It is
computed using a simplified version of the Kabsch algorithm
[33], [34], which minimizes the rotational alignment error
between the current robot positions q,, and the reference
positions qy,. Concretely, we use this algorithm particularized
for the 2D case, as described next. To compare configurations
independently of their absolute positions, both the current and
reference positions are first centered with respect to their own
geometric center (i.e., barycenter or centroid). This is achieved
as follows:

Qb = [ar,] Kb, Cb = [a,] Kb, 5
where [qy,], [q},] are 2 x n, matrices with the current robot
positions q,, and the reference positions q;,, 7 € {1,...,n,}
as columns. The n, x n, matrix Ky, is defined as:

1
Kb = In7\><n,,~ - n_]-n,,«xnm (6)

T
where I, x,. is the n, X n, identity matrix and 1,,_x,_ is a
matrix of all ones. Ky, is a centering matrix that removes the
mean position from each q,, and qj. , effectively centering the
configuration at the origin (i.e., achieving a zero barycenter).
To estimate the optimal rotation between the current and
reference configurations, we first compute direct misalignment
p, and orthogonal misalignment p; :

Ny Ny
p= Z ab, b, pL= Z ab,” cp, - (7)
i=1 i=1

Here, qp, and cp, are vectors with size 2 x 1 that contain
the i-th column of Qp and of Cy,, respectively. Moreover,
(\)* denotes the orthogonality operator applied to a matrix
or vector. For example, if A is a 2 x 2 matrix, then Al =
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[(1) _01] A. For a vector w with size 2n, x 1 stacking n,
2D points, wh = (L, xn, ® [[0,1]7,[-1,0]T])w, where ®
denotes the Kronecker product.

The rotation angle a,.;, which aligns optimally (in least-
squares sense) the orientations of the desired and current
configurations, and the corresponding rotation matrix are

Arot = atanz(pl»p)a R= T0t2D (arot)a (8)
where we assume p and p, are not both zero, which is always
true in practice. With this strategy, R dynamically reorients the
desired configuration around the center q., ensuring uniform
angular spacing.

E. Social Rules

To ensure effective tracking and collision-free coordination,
each robot maintains a safety distance from its nearest targets.
These distances adapt dynamically to the encirclement sce-
nario (e.g., standard or close tracking), the density of the target
group, and environmental constraints. Table I summarizes
typical distance zones for human [29], [35] and robotic targets,
as well as encirclement strategies. In constrained settings such
as close escorting, reduced safety distances (0.7-0.9 m) have
been experimentally validated in Section VI-B. The scaling
control factor s; is introduced in equation (3) in order to
regulate these distances. This factor dynamically adjusts the
position of each robot 7 relative to the target group based on
the distance to the intersection point defined from its current
position and the convex hull, as detailed in Section IV-F. This
mechanism ensures compliance with social spacing constraints
while preserving an optimal geometric configuration around
multiple targets.

F. Scaling Adjustment

To ensure both safety and efficiency in encircling dynamic
target groups, we introduce a geometric approach for com-
puting the formation scaling via the parameter s; in (3). This
allows adjusting each robot’s distance from the group based
on the spatial arrangement of nearby targets. The method
proceeds through the following steps:

1) Identify the two closest targets: we determine first the two
closest targets to robot ¢, denoted qt,, and dt,.» based on
their Euclidean distances from q,,, among the vertices of
the convex hull H.

2) Construct two lines: the line 1; connects the robot position
qr, to the targets surface center q. and the line 15 passes
through the two selected targets q¢,, and qg,,,.

3) Compute the intersection point g; between lines 1; and 1,.

4) Verity that the point g; belongs to the convex hull . If it
does not belong to H, repeat steps 1-3 with a new selection
of closest targets.

5) Compute the desired distance d;.:

dic = lac — gl +, ©)
where d is the predefined safety distance.

6) Using the desired robot distance to the center q;, determine
the scaling control factor s; as:

dic

- Tie (10)
las — ay,

Si

The positive scalar factor s; allows each robot to dynamically
adjust its position along the vector toward the group center (see
Fig. 1-B), ensuring both the maintenance of a safety distance
and the preservation of an effective encirclement configuration.
g; is defined as the closest point on the boundary of the group
along the direction from robot ¢ to the geometric center qc.
This does not require explicit robot-target pairing and allows
efficient checking of the minimum robot—group distance, even
for extended or non-convex target configurations (see Fig. 1).

TABLE I
SOCIAL DISTANCE ZONES FOR DIFFERENT TARGET TYPES AND
ENCIRCLEMENT STRATEGIES.

Category Zone Distance (d)
Intimate 0-0.45 m
Human Personal 0.5-1.2 m
Targets Social 1.2-3.5 m
Public >35m
Very Close 0-0.45 m
Robotic Close Interaction 0.5-1 m
Targets Operating Zone 1-2.5 m
Safety Zone >25m
. Tight Encirclement 0.5-0.7 m
Encirclement .
S - Safety Encirclement 0.7-1 m
trategies

Adjustable Tracking Distance Context-dependent

G. Control Law

We use a PID controller applied to the configuration error
(u;). This controller defines a velocity vector v; € R? for
every robot 7 relying on proportional (epro), integral (€int),
and derivative (eqer) errors, as follows:
with (11)
dui
dt’
where K., K, and Ky, represent gain matrices. We
consider here typical wheeled robots having linear (v;) and an-
gular (w;) velocities following a unicycle model. We adapt the
controller’s velocities to this model using the approach in [36,
(8)], which has important properties regarding preservation of
multi-robot system stability. We use distinct scalar gains (k,,,
k) for linear and angular motion. Concretely, denoting the
heading angle of robot ¢ relative to the positive x-axis by 6;,
we define

A\ Kpro *€pro; + Kint ‘€int; 1+ Kder *€der;;

t
€pro; = Wi, €int; :/ u;dr, €der; = (12)
0

v; = Ky, - [cos 0; sin Gi] -V

/ . . (13)

w; = ky, - [— sinf; cos 9,»] -V

This PID-based control law provides a responsive and stable

behavior. PID control has the advantage of its simplicity, but

tuning remains sensitive to environment dynamics, especially
when adjusting linear and angular gains independently.

V. STABILITY ANALYSIS

We analyze the stability of the angular configuration of
the multi-robot system during the encirclement of a moving
target. The objective is to ensure that the formation maintains
a consistent orientation over time, even when each robot
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individually adjusts its distance using a time-varying scaling
factor s;(t) and uses a PID control. The scaling factor s;(¢)
dynamically regulates the radial safety distance, converges for
static targets, adapts for moving targets, and does not affect
the angular configuration, ensuring overall control consistency.
This is important as it enables predictable and efficient robot
team motions, ruling out oscillatory behaviors that could be
riskier and uncomfortable for the targets. We study these key
points next. Note that our analysis extends the one in [19],
[20], which assumed constant (i.e., not time-varying) s;(¢) and
a proportional control law.

Theorem 1. With the proposed control scheme (11), arot(t)
remains invariant. For static targets, s;(t) converge to fixed
values as the robots converge to the desired configuration.

Proof. The first goal is to show a,o; in (8) satisfies @, = 0.
We assume all s;(t), qc(t), and a,.¢(t) remain continuously
differentiable. We have
Arot = i arctan (pJ‘> = w. (14)
dt P p?+p?
To simplify and interpret this expression geometrically, we use

the trigonometric representation

P =pCOSAror, PL = psilarer, p=1/p?+pi. (15)

Substituting into the expression of @, this yields
P COS Qyot pL —pP sin Qrot p o COS Aot pL — sin Qrot p
p? B p '

Arot =
(16)
Then, our goal is to show that cos a,ot p1 — sina,o¢ p = 0.
To make the presentation more compact, we will use
some vectorized variables in our analysis. We define the
two 2n, X 1 vectors ¢, = [qr{,...,drp, |” and gf =
[ari”, ..., qar; T]7. Then, rearranging the matrices we can
express the variables in (7) as

p =@ "Kn2ae, pi = (@7)")" Knaar- (17)
Here, we defined K2 = Ky, ® 1545 and used the fact that this
centering matrix is symmetric and idempotent. Let us consider
the vectors u; in (3), which are at the basis of the proposed
control scheme. Putting these vectors together for all robots
asu=[uf,...,ul |7 gives
u= (1n7‘><1 ® qC) —qr — S2 : (Inrxnr & R)q:7 (18)
where So = S® I3, with S being a n,. x n,. diagonal matrix
containing the s; values in the diagonal. To study the system
dynamics, we define the following two variables:

* * T
z=q Kp2u, z = ((a7)") Kpzu.  (19)
Next, we develop these expressions, by substituting into them

the three addends of u in (18). We first study the expression
for z, in which the first two addends give

@ Kbz (1n,x1 ©4c) =0, o Kpa (—ar) = —p. (20)
The equation on the left is true because centering (via product
by Kp2) n, points that are all the same (q.) always gives the
zero vector. The equation on the right comes directly from the
definition in (17). We now develop the term corresponding to
the third addend of u, in terms of the sum of contributions for
each robot. Note that Ky,2 can be removed in this development

because q; already has centroid [0,0]7. We have
q;'kTKbZSQ . (Inrxnr ® :R')qr)'k - q:T(SQ . (Inrxnr ® R)q:)

Ny Uz
=D lladill - sillas | - cos aror = cosare Y sillar|®.

i=1 i=1
2D
Therefore,
z= —p—cosathsin:iHQ. (22)
i=1
Proceeding analogously, we can find
2= —pL —singo Y siflad]*. (23)

i=1
We are now ready to use these expressions to evaluate p and
p. and, from this, a,..;. To this end, let us assume that each
robot uses a proportional control law with a velocity taken
directly from its u;, as in (11). Let us consider a common
gain choice: Ko = kprolaxz with k., > 0 € R. Then,
qr = kprou and

p = q:TKqur = kprozv pl_ = ((q;)L)TKqur = kproZJ_'
(24)
From (22)—(23), we get for this control law that cos @, p1 —
sin a,o+ p = 0 which, as noted above, shows that a,.,; = 0.
Consider now the PID control with K;,; = kinilaxo,
Kyer = kgerloxa, where ke > 0 € R, kger > 0 € R.
We can write

t
d
D= kproz + kint / 2dT + kger—2 (25)
; dt
t d
pL = kprozj_ + kint ZJ_dT + kder %ZJ; (26)

0
Substituting this into (16), we obtain

COS Qrot PIL— SIN Arot P = Kpro ( COS Qyot ZI — SIN Ay ot z)

t t
+ kint ( cos amt/ 2z, dT — sin amt/ z d’T)
0 0

d : d
+ kger ( COS Grot g — SIN Aot d—'tz) . 27)

The relation cos a,.: p1 — sina,.+ p = 0 can be seen to also
hold for the PID control law, implying that @,.,; = 0 and hence
that the angular configuration remains invariant under the full
PID control law, even with time-varying s;(t). O

As this analysis has illustrated, the invariance of @, is a
key property toward guaranteeing the stability of the system.
It ensures that the robot formation around the target center
is preserved in a stable and consistent manner, maintaining
collision-free motion, social compliance, and geometric bal-
ance while escorting the moving group of targets.

VI. EXPERIMENTAL RESULTS AND DISCUSSION

This section presents the experimental validation of the pro-
posed control strategy through both simulation and real-world
tests. Multiple dynamic scenarios were evaluated, involving
different numbers of targets and robots, to assess the method’s
effectiveness in maintaining a desired geometric configuration
while respecting safety distances.
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Fig. 3. Simulation results of the encirclement and tracking strategy for Test 5: (A) safety distance maintained with respect to the target group’s center q¢ [1]
and [18]; (B) safety distance maintained with respect to the target surface via the intersection point g; (our method). The top plots show snapshots during
execution. The bottom plots show the trajectories, angular errors, optimal rotation angle, velocity norms, and distances to the target group.

The evaluation focuses on two key aspects. The first is
the angular error quantifying the deviation from the desired
configuration. For this, we define the average of this error as

1

€A T ; JZ‘: ‘/B’Lj Olzg|a (28)
where n, is the number of summed errors; and we also evalu-
ate the maximum error, defined as e 4ymq, = max; ; |Bi; —jl-
We denote by e 4+ the average of e 4 for the full duration of a
given test. The second aspect we focus on is the global mean
absolute positioning error with respect to the safety distance.
This is defined for each test as

1 &1 &
=12 Zl llae; (m) — gs(m)[| —d| . (29)
=1 m=

where q,,(m) is the position of robot 4 at time step m, n is
the total number of time steps, g;(m) is the intersection point
defined by our method, and d is the desired safety distance. In
addition to these error metrics, we also compute the velocity
norm of each robot as V; = \/v? + (R - w;)?, where v; and w;
denote the linear and angular velocities, respectively, and R
is the characteristic radius of the TurtleBot3 Waffle Pi, which
is the robotic platform we used in our tests. The metric V;
combines translational and rotational contributions, providing
a compact indicator of the overall control effort. The main
results for all the tests performed are summarized in Table II.
Next, we describe the tests in detail.

A. Simulation Results

Simulations were conducted using PyBullet with TurtleBot3
robots. Scenarios with different numbers of robots and targets
were considered, and comparisons with alternative approaches

TABLE I
SUMMARY OF SIMULATION, COMPARATIVE, AND REAL-ROBOT
EXPERIMENTAL RESULTS WITH ANGULAR AND SAFETY DISTANCE

ERRORS.
Category Test ny n, Method d(m) eay (rad) ey (m)
1 4 5 Ours 1.5 0.0277  0.0123
Simulation 2 4 6 Ours 1.5 0.0301  0.0218
3 3 7 Ours 1.5 0.0381  0.0146
s 5 [1], [18] 1.5 0.0392  0.7127
State-of-the-art Ours 1.5 0.0229  0.0110
Comparison 5 5 s [11, [18] 1.5 0.0493  0.8165
Ours 1.5 0.0265  0.0150
Real-Robot 6A 3 5 Ours 0.9 0.0487  0.0016
E)f;e;in(l)er?ts 6B 3 5 Ours 09 00399 0.0072
4 5 Ours 0.9 0.0159  0.0064

were also carried out. The results are described next and
visualized in the plots of Fig. 3.

1) Results of Tests 1-3: The first three tests assess the
performance of the proposed method in various configurations
involving different numbers of robots (from 5 to 7) and moving
targets (from 3 to 4). The results show a consistently low
angular error (0.0277, 0.0301, and 0.0381 rad) and a very
small positioning error e, (below 0.022 m). This demonstrates
the accuracy and robustness of our encirclement and tracking
strategy. The overall configuration remains stable, with the
robots acquiring an even distribution along the boundary of
the targets’ convex hull while maintaining the safety distance.

2) Comparison with State-of-the-Art Approaches: We com-
pare our proposed strategy for regulating the safety distance
against an alternative strategy used in the state of the art
[1], [18]: keeping a fixed-scale formation with respect to a
central point. In the multi-target setting considered in our
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Fig. 4. Real world experimental results of multi-target encirclement using our proposed method. (A-B) Encirclement of three dynamic targets following
linear paths with constant (A - Test 6A) and varying speed (B - Test 6B); (C) Robustness test with a fourth moving target altering the convex shape (Test 7).
Top rows show snapshots from the real setup, and their corresponding configurations. Bottom rows show trajectories, angular errors, optimal rotation angles,

velocity norms, and distances to the target group.

paper, this central point is the center of the target group. The
results of Tests 4 and 5 in Table II show that our approach
outperforms the alternative strategy, especially in scenarios
with non-uniform target motion.

In Test 5, the alternative strategy fails to maintain the
configuration when Target 4 accelerates, resulting in a collision
between Robot 3 and Target 2; see the two rightmost plots in
the first row of Fig. 3. Moreover, it produces a large error of
eg = 0.8165 m. In contrast, our method dynamically adjusts
each robot’s position based on the shape of the group’s convex
hull, reducing the error to e¢; = 0.0150 m, and achieving
improved angular accuracy (0.0265 rad vs. 0.0493 rad).

Fig. 3-B further illustrates the geometric stability and
precision enabled by our approach. One can notice that
the approach ensures a balanced spatial distribution of the
robots, adapts efficiently to target velocity variations, and
can prevent collisions in a natural manner without requiring
velocity estimation. These results highlight the benefits of
controlling distance with respect to a dynamic convex frontier
encapsulating the targets, rather than with respect to a single
center point; particularly, in complex multi-target scenarios.

B. Real Robot Experimental Results

The real robot experiments took place in a 3.96 m x 3.25
m room equipped with 17 Qualisys cameras, ensuring precise
motion capture via reflective markers and full observability
of robot and target positions, independent of individual robot
fields of view. TurtleBot3 Waffle Pi robots were used both
as agents and moving targets to validate the proposed encir-
clement method in different scenarios. Three scenarios (tests
6A, 6B, and 7) were tested, involving five robots encircling
up to four moving targets. Results are presented in Fig. 4 and
summarized in Table II. In Tests 6A and 6B, our method was
used to encircle three targets moving along linear paths, with
a fixed safety distance of d = 0.9 m between each robot and
the convex hull boundary. In Test 6A, the targets moved at
a constant speed (0.02 m/s), while Test 6B introduced speed
variation in Target 3. The proposed approach maintained low
average errors €4 between 0.0016 m and 0.0072 m. Moreover,
the average computation time per iteration remained under 10
ms.

Test 7 evaluated robustness under increased complexity by
introducing a fourth dynamic target among three initially static
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ones. This new target altered the convex shape by first leaving
it and then returning toward its initial position later on. Our
method adapted effectively to these changes, preserving the
geometric configuration and safety distances. The average
error remained stable at 0.0074 m. Again, the computation
time per iteration consistently stayed under 10 ms, which
demonstrates that our approach can run in real time. Over-
all, our method exhibited stable, robust, and computationally
efficient performance in the tests, with suitable formation
adaptability to handle unpredictable dynamic target behaviors.

VII. CONCLUSION

This article proposed a novel strategy for multi-robot encir-
clement and tracking of multiple targets. The method relies
on a dynamic adjustment of safety distances, and it does
not require prior knowledge of target velocities. By means
of both theoretical study and experiments, it was verified
that the method maintains a stable angular encirclement con-
figuration while ensuring the maintenance of socially aware
safety distances. In future work, we will address adaptation
to denser target groups, integration of obstacle avoidance, and
distributed estimation of targets’ and robots’ positions.
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